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List of symbols and abbreviations: 
 
1-A isolated amide series 
2-aA 2-adjacent amide series 
3-aA 3-adjacent amide series 
α cut-off parameter of the Lorentzian line (NMR) 
Å angstrom 
A amide 
ACA 6-aminocaproic acid 
AFM atomic force microscopy 
CDCl3 deuterated chloroform 
CHCl3 cholorofm 
CPMAS cross polarization magic angle spinning 
° degree  
°C degree Celcius 
δ chemical shift (NMR) 
∆Hc enthalpy of crystallization 
∆Hm enthalpy of melting 
∆ν1/2 full line width at half height  
DD dipolar decoupling 
DMSO dimethyl suphoxide 
DMSO-d6 deuterated dimethyl suphoxide 
DSC differential scanning calorimetry 
DQ double quantum 
E ester 
EA ester-amide sequence 
et al. et alii; et aliae 
Eq equation 
FDA Food and Drug Administration 
FT-IR Fourier transform infra-red spectroscopy 
g gram 
h hour 
HCOOH formic acid 
J/g joules per gram 
kDa kilodaltons 
kHz kilohertz 
kV kilovolts 
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λ wavelength  
L litre 
M monomer 
MAS magic angle spinning 
mA microampere 
mbar millibar 
MeOH methanol 
MHz megahertz 
µL microlitre 
mL millilitre 
µm micrometer 
mm millimeter 
Mn number average molecular weight 
mol moles 
mp melting point 
MQ multiple quantum 
µs microsecond 
µS microSiemens 
Mw weight average molecular weight 
N newton 
nm nanometer 
NMR nuclear magnetic resonance spectroscopy 
Pa Pascals 
PA polyamide 
PAOS polyalkoxysiloxane 
PBA poly(butylene adipate) 
PDI polydispersity index 
PEAs poly(ester amide)s 
PGA poly(glycolic acid) 
PLA poly(lactic acid) 
PLGA poly(lactic-co-glycolic acid) 
ppm parts per million 
r2 mean square distance between the nearest spins (NMR) 
s second 
SEC size exclusion chromatography 
SEM scanning electron microscopy 
Si silicon 
 - iii - 
SPMAS single pulse magic angle spinning 
θ theta 
τ excitation/reconversion time 
T tonnes 
Tc crystallization temperature 
TCPS tissue culture polystyrene 
TEM transmission electron microscopy 
td diffusion time (NMR) 
tDQ evolution time of the DQ coherences 
TFA-d deuterated trifluoro acetic acid 
Tg glass transition temperature 
TGA thermal gravimetric analysis 
THF tetrahydrofuran 
Tm melting temperature 
tm mixing times (NMR) 
v/v volume by volume 
WAXD wide angle x-ray diffraction 
wt% weight percent 
 
 
Synthesized monomers 
 
HO-(εClon/C4)-NH2 5-(4-Amino-butylcarbamoyl)-pentanol; Monomer M1 
HO-(εClon/C4)-OH 5-(4-Hydroxy-butylcarbamoyl)-pentanol; Monomer M2 
HO-(εClon/C2)-OH 5-(2-Hydroxy-ethylcarbamoyl)-pentanol; Monomer M3 
H2N-(εClam/C4)-NH2 6-amino-N-(4-aminobutyl)hexanamide; Monomer M4 
H2N-(εClam/C4)-OH 6-amino-N-(4-hydroxybutyl)hexanamide; Monomer M5 
H2N-(εClam/C3)-OH 6-amino-N-(3-hydroxypropyl)hexanamide; Monomer M6 
H2N-(εClam/C2)-OH 6-amino-N-(2-hydroxyethyl)hexanamide; Monomer M7 
HO-(δVal/C4)-NH2 4-(4-Amino-butylcarbamoyl)-butanol; Monomer M8 
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Summary 
 
This thesis focuses on the synthesis, characterization and applications of aliphatic 
segmented poly(ester amide)s (PEA)s for use as potential biomaterials. Three different 
series of PEAs with different microstructures containing isolated, two and three adjacent 
amide groups within a polybutylene adipate (PBA) chain have been synthesized. Analytical 
techniques such as NMR (liquid and solid-state), SEC, DSC, FT-IR, WAXD and microscopy 
(AFM, SEM, optical) have been extensively used to characterize the synthesized monomers 
and PEAs. Thermal properties have been determined and correlated to features like 
morphology and crystallization behaviour; structure-property relationship of these polymers 
were established. 
The preparation of tailor made monomers for the synthesis of PEAs was carried out by ring 
opening of ε-caprolactam, ε-caprolactone or δ-valerolactone with 1,4-diaminobutane, 4-
aminobutanol, 3-aminopropanol and/or 2-aminoethanol. These preformed monomers which 
are α,ω-diamines, α,ω-amino alcohols or α,ω-diols, each containing an in-built amide bond, 
were obtained in high purity and yields.  
Synthesis of the PEAs containing an isolated amide group, two or three adjacent amide 
groups was achieved by a two-step melt polycondensation of the preformed monomers with 
1,4-butanediol and dimethyl adipate. In the first step, trans-esterification was carried out so 
as to avoid a random microstructure and hence, PEAs with segmented microstructure could 
be obtained. In the second step, polycondensation took place. Further, the amide content in 
each series could be varied by taking different ratios of the preformed monomer to 1,4-
butanediol. High molecular weight PEAs were obtained in good yield and NMR analyses 
showed that no side reactions had taken place. Thermal analyses revealed that the length of 
the amide segment, functional groups participating in the crystallization process as well as 
the amide concentration influenced the transition temperatures and their enthalpies. For the 
three-adjacent amide series, mainly the amide groups crystallize and only a single 
endotherm and exotherm was seen. The melting and crystallization temperature increase 
with increasing amide content. Similar trend was also observed for the two-adjacent amide 
series of PEAs but here, both ester and amide groups co-crystallize and show multiple 
endotherms and exotherms. In the isolated amide series, mainly ester groups formed the 
hard domains and only at very high amide content, ester-amide co-crystallization was 
observed. FT-IR analyses revealed that the PEAs crystallize mainly in the α-form found in 
even-even nylons and the chains are bridged via hydrogen bonds. 
Morphology of the two-adjacent amide series of PEAs was investigated in detail using solid 
state NMR analyses. Spin diffusion experiments were performed to determine the domain 
sizes of the rigid, interface and mobile phases. A correlation of these domain sizes with the 
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amide content in the PEA was successfully established. 13C solid state NMR analyses gave 
information about the functional groups participating in the crystalline and amorphous phases 
which were in line with the observed thermal properties. 
The hydrolytic degradation of the synthesized PEAs was evaluated in PBS buffer at 37 °C 
over a time period of 24 weeks. The PEAs showed slow degradation kinetics and a 
maximum mass loss of 7% over the entire time period which proceeded by cleavage of the 
ester bonds. Further, PEA foils sustain cell growth and are non-cytotoxic to mouse fibroblasts 
(L929) cells. 
Electrospinning of the two-adjacent amide series of PEAs was carried out from solution in 
order to obtain non wovens for tissue engineering purposes. Among a series of solvents and 
solvent mixtures used, CHCl3/HCOOH mixtures gave the best results. Small amounts of 
formic acid were added to break the hydrogen bonds in the polymers. Effect of polymer 
concentration, microstructure and applied voltage on the resulting fibre diameter and 
morphology were also studied. Fibre quality and homogeneity enhanced with increasing 
amide content and polymer concentration and these factors played a decisive role in 
obtaining uniform, randomly oriented, homogeneous fibres in the nanometre range.   
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Zusammenfassung 
 
Die vorliegende Doktorarbeit beschäftigt sich mit der Synthese, Charakterisierung und 
Anwendung von aliphatischen, segmentierten Polyesteramiden (PEA) als mögliche 
Biomaterialien. Drei verschiedene PEA-Serien mit unterschiedlicher Mikrostruktur, d.h. sie 
enthalten entweder isolierte oder zwei bis drei benachbarte Amidgruppen in einer 
Polybutylenadipat (PBA) Kette, sind synthetisiert worden. Um die synthetisierten Monomere 
und die daraus resultierenden PEA zu charakterisieren, sind verschiedene Analyse-
Methoden wie z.B. NMR (flüssig und Festkörper), SEC, DSC, FT-IR, WAXD und Mikroskopie 
(AFM, SEM, optisch) benutzt worden. Thermische Eigenschaften wurden evaluiert und mit 
Kenndaten wie Morphologie und Kristallisationsverhalten verglichen. Ferner wurde die 
Beziehung zwischen Struktur und Eigenschaft dieser Polymere untersucht. 
Maßgeschneiderte Monomere für die PEA-Herstellung wurden mittels Ringöffnung von ε-
Caprolactam, ε-Caprolacton oder δ-Valerolacton mit 1,4-Diaminobutan, 4-Aminobutanol, 3-
Aminopropanol und/oder 2-Aminoethanol durchgeführt. Diese Monomere (α,ω-Diamin, α,ω-
Aminoalkohol oder α,ω-Diol) besitzen eine eingebaute Amidgruppe und werden in hohe 
Reinheit bzw. Ausbeute synthetisiert. 
Die Herstellung von PEA mit isolierten, zwei oder drei benachbarten Amidgruppen wurde 
durch eine zwei-stufige Schmelzpolykondensation zwischen diesem Monomeren, 1,4-
Butandiol und Dimethyladipat durchgeführt. Im ersten Schritt wurde eine Random-
Mikrostruktur des Polymers durch Transesterifikation verhindert und somit nur segmentierte 
PEAs hergestellt. Im zweiten Schritt wurde die Polykondensation durchgeführt. Ferner war 
es möglich den Amidanteil in jeder Serie zu variieren, indem unterschiedliche Verhältnisse 
zwischen den maßgeschneiderten Monomeren und 1,4-Butandiol eingesetzt wurden. PEAs 
mit hohem Molekulargewicht wurden erhalten. Die NMR-Analyse ergab keine Hinweise auf 
Nebenreaktionen. Thermische Analysen zeigten, dass die Amidsegmentlänge, 
Amidkonzentration und die funktionelle Gruppen einen starken Einfluss auf die Übergangs-
Temperaturen und deren Enthalpien haben. Für die Polymere mit Segmenten, die aus drei 
benachbarten Amidgruppen bestehen, zeigte sich dass nur die Amidgruppen kristallisieren. 
Es wurde nur eine Schmelz-Endotherme bzw. Kristallisations-Exotherme gefunden. Die 
Schmelz- und Kristallisationstemperaturen steigen mit steigendem Amidanteil. Für die 
Polymere, die Segmente mit zwei-benachbarten Amiden erhalten ergab sich, dass sowohl 
die Amid als auch Estergruppen kristallieren. Es wurden mehrere Endo- und Exothermen 
beobachtet. In der Serie mit isolierten Amiden können nur die Estergruppen Kristalle bilden. 
Nur wenn der Amidanteil groß genug ist, können die Amid- und Estergruppen ko-
kristallisieren. FT-IR Analysen ergeben, dass die Amide hauptsächlich in der α-Phase wie 
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‚even-even’ Polyamiden kristallisieren und die Polymerkette durch 
Wasserstoffbrückenbindung verbunden sind. 
Die Morphologie der Serie mit zwei-benachbarten Amiden wurde in Detail mittels Festkörper-
NMR untersucht. Die Domänengröße der kristallinen, amorphoren und wenig amorphen 
Phasen wurde durch Spindiffusionsexperimente bestimmt. Eine Korrelation zwischen der 
Größe der Domänen und dem Amidanteil wurde nachgewiessen. Durch 13C Festkörper-NMR 
wurde festgestellt, welche funktionellen Gruppen die kristallinen und amorphen Phasen 
bilden. Diese Ergebnisse sind in Übereinstimmung mit der Interpretation der thermischen 
Eigenschaften.  
Hydrolyse-Abbauversuche wurden in PBS-Puffer bei 37 °C über 24 Wochen durchgeführt. 
Die PEAs zeigen eine langsame Abbaukinetik mit nur 7 % Massenverlust über den 
gesamten Zeitraum. Der Abbau entsteht durch die Spaltung der Esterverbindungen. Ferner 
zeigen Zellversuche mit L929-Zellen, dass die PEA-Folien Zellwachstum fördern und das 
Material nicht cytotoxisch ist. 
Aus PEA mit Bis-Amid segmenten mit Hilfe eines elektrostatischen spinnverfahrens konnten 
Nanofasern hergestellt werden. Hierzu wurden verschiedene Lösungsmittel und 
Lösungsmittelgemische eingesetzt wobei die CHCl3/HCOOH Mischung die besten 
Ergebnisse lieferte. Die Zugabe von HCOOH war notwendig, um die Wasserstoffbrücken in 
den PEAs zu brechen. Verschiedene Parameter, wie z. B. Polymerkonzentration, 
Mikrostruktur und angelegte Spannung und deren Einfluss auf den Faserdiameter und die 
Morphologie wurden untersucht. Die Qualität der Fasern und deren Homogenität wurden 
besser je höher der Amidanteil bzw. die Polymerkonzentration war.  
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 Chapter 1 
 
Introduction and contents of this thesis 
 
 
1.1 Introduction 
 
Over 2000 years ago, the Romans, Chinese and Aztecs used gold in dentistry and in the 
recorded history accounts of use of glass eyes and wooden teeth can be found. This was the 
beginning of using different materials for medical use. In the early years of the twentieth 
century, synthetic plastics became available but biodegradable polymers for use in the 
biomedical and related fields have gained significant interest in the last two decades of the 
twentieth century.1-3 This is due to the fact that polymers have tunable properties, can be 
processed in a variety of ways, combined and modified to meet specific requirements.4,5 
Medical applications of such biodegradable polymers can be found as suture materials, for 
drug delivery, orthopaedic fixations and stents among others. 
Biodegradation of polymeric biomaterials involves cleavage of hydrolytically sensitive bonds 
in the polymer leading to polymer erosion.6 The hydrolysis of bonds is catalyzed either by the 
acidity/basicity of the medium7,8 or by enzymes.9,10 For the preparation of biodegradable 
polymers two general routes are used - namely step growth polymerization (condensation) 
and chain growth polymerization (ring opening polymerization). Step growth polymerization is 
used to prepare mainly polyanhydrides, poly(ortho ester)s, polyamides,  polyesters, 
polyurethanes and poly(ester amide)s. Ring opening polymerization is used to synthesize 
mainly polyesters and polyphosphazenes.  
Amongst the most interesting materials are aliphatic polyesters derived from cyclic 
monomers such as lactide, glycolide and ε-caprolactone. Poly(lactic acid) (PLA), poly(glycolic 
acid) (PGA) and their copolymers (PLGA) are approved by the Food and Drug Administration 
(FDA) for human clinical use and are commonly used as biomaterials e.g. resorbable 
sutures, drug delivery systems and orthopaedic fixation devices such as pins, screws and 
rods. Hydrolytic degradation of these polyesters releases lactic and/or glycolic acid which is 
converted to water and carbon dioxide in the citric acid cycle. Generally, good 
biocompatibility has been shown for these polymers, but the release of acidic degradation 
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products sometimes leads to acidic microenvironments and inflammatory responses.11-15 In 
order to overcome these problems, research was carried out to develop new polymers which 
on degradation do not release large quantities of acids and hence, acid induced inflammation 
is reduced. 
One approach to this problem would be to incorporate ester groups with other functional 
groups such as amide or ether. When ester and amide groups are placed in a polymer 
backbone, then the polymers are called as poly(ester amide)s (PEAs). The amide groups 
would give the polymer mechanical stability and the ester groups would have a faster rate of 
hydrolytic degradation compared to the amide groups. Based on this argument, researchers 
have synthesized PEAs from different monomers and building blocks (synthetic16-18 and/or 
natural19-21), leading to variable microstructures (random22-24, alternating25-27 or 
segmented28,29) and hence, a large range of properties.   
Segmented PEAs belong to a class of thermoplastic elastomers which have a micro-phase 
separated structure made up of hard and soft domains and have a broad block length 
distribution30. The hard and soft domains are formed via self organisation of the polymer 
chain segments. The hard domains consist of amide groups which can crystallise, have a 
high melting point and can form thermo-reversible physical crosslinks via hydrogen-bonding, 
which contribute to the mechanical strength of the polymer. The soft domains consist mainly 
of ester groups which have a low glass transition temperature (Tg) and in case of semi-
crystalline ester segments, low melting points. Although the structure-property relationships 
of these segmented PEAs copolymers are complex, various degrees of structural freedom 
allow for making a tailor-made polymer composition to meet specific requirements. 
 
 
1.2 Aims and objectives 
 
One of the aims of this thesis is to investigate the structure-property relationship of aliphatic 
segmented poly(ester amide)s containing random placement of an isolated amide, two 
respectively three adjacent amide groups in the poly(butylene adipate) (PBA) backbone. 
Features such as the morphology and thermal properties of these polymers will be studied. 
The other main aim of this work is to explore poly(ester amide)s as potential biomaterials. In 
order to study their applicability as biomaterials, these polymers should be evaluated on the 
basis of their in-vitro hydrolytic degradation and cell adhesion and growth response. Lastly, 
the option of electrospinning of these polymers will be explored to generate non wovens for 
use as tissue engineering scaffolds.  
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1.3 Outline of this thesis 
 
After a short introduction to degradable biomaterials and a focus on the aims and objectives, 
the next chapters will focus on the synthesis and characterisation of poly(ester amide)s 
based on dimethyl adipate, 1,4-butanediol, ε-caprolactone, ε-caprolactam, amino alcohols 
and tetramethylene diamine.  
Chapter 2 deals with the synthesis and characterisation of preformed α,ω-amino alcohols, 
diamines and diols, containing an in-built amide bond, that are incorporated into the aliphatic 
polyester matrix of poly(butylene adipate). The synthesis was carried out by ring opening of 
either ε-caprolactone, ε-caprolactam or δ-valerolactone with tetramethylene diamine, amino 
butanol, amino propanol and/or amino ethanol. These preformed monomers have been 
characterized using FT-IR spectroscopy and DSC. Synthesis of high molecular weight 
segmented poly(ester amides) by melt polycondensation of the preformed monomers, 1,4-
butanediol and dimethyl adipate is discussed in chapter 3. Here, three different series of 
PEAs were synthesized which contain isolated amide groups, two adjacent or three adjacent 
amide groups randomly distributed in the PBA backbone. Further, in each series, the amide 
content was varied by varying the ratio of 1,4-butanediol and the preformed monomer. 
Structural analysis of the polymers was carried out by NMR spectroscopy and the effect of 
polymer composition on the thermal and physical properties has been evaluated. It was 
found that the length of the amide segment played an important role in tuning the physical 
properties of the PEAs. While the amide groups crystallize mainly in the three-adjacent 
amide series, both ester and amide groups co-crystallize in the two-adjacent amide series 
and the ester groups crystallize predominantly in the isolated amide series of PEAs. 
Evidence for hydrogen-bonding was obtained from DSC and FT-IR analyses. FT-IR analyses 
show that the PEAs crystallize predominantly in the α-phase of even-even nylons. Chapter 4 
takes a closer look at the morphology of poly(ester amides) containing 2-adjacent amide 
groups. Solid state NMR, AFM, DSC, FT-IR and WAXS studies shed light on the structure of 
the polymers with variation in the polymer composition. The domain sizes of the rigid, 
interface and mobile domains were determined by performing 1H spin-diffusion experiments. 
13C solid state NMR analyses gave information about the functional groups participating in 
the crystalline and amorphous parts of the polymer and underscore our previous findings 
with DSC. Additional evidence regarding the crystalline structure is obtained from WAXD 
analyses. In chapter 5, in-vitro hydrolytic degradation of the poly(ester amide)s carried out 
over 6 months has been evaluated. The degradation takes place at a slow rate. Further, 
cytotoxicity tests and cell adhesion and growth on the polymer films have been carried out to 
evaluate their applicability in the biomedical field. The polymer extracts and the polymer itself 
are non-cytotoxic and the polymer films sustain cell growth. Chapter 6 highlights the 
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fabrication of non-woven fibrous mats having fibre diameters in the nanometer range by 
employing the technique of elctrospinning. Factors such as polymer concentration, applied 
voltage and solvent systems among others have been correlated to the morphology and 
diameter of the resulting fibres which can be used as scaffold materials for tissue 
engineering applications. Among the solvent systems used, CHCl3:HCOOH mixture gave the 
best results. The fibre quality and homogeneity improved with increasing amide content in 
the PEAs. Chapter 7 deals with the dispersion of silica nanoparticles in polyamide. 
Polyalkoxysiloxane (PAOS) and its chemical modifications have been used as a unique silica 
precursor. Differences between the commercially available polyamides and polyamides 
containing silica nanoparticles in terms of the mechanical strength and thermal properties 
have been evaluated.  
 
1.4 References 
 
(1) Absorbable and biodegradable polymers (advances in polymeric materials); Shalaby, 
S. B.; Burg, K. J. L., Eds.; CRC Press: Boca Raton, 2003. 
(2) Handbook of biodegradable polymers; Domb, A. J.; Wiseman, D. M., Eds.; CRC 
Press: Boca Raton, 1998. 
(3) Piskin, E. J. Biomater. Sci., Polym. Ed. 1995, 6, 775. 
(4) Visser, S. A.; Hergenrother, R. W.; Cooper, S. L.; Ratner, B. D. Biomaterials science: 
an introduction to materials in medicine; Academic Press: San Diego, London, 1996. 
(5) Wintermantel, E.; Ha, S. W. Biokompatible werkstoffe und bauweisen: implantate; 
Springer-verlag: Berlin, Heidelberg, 1996. 
(6) Katti, D. S.; Lakshmi, S.; Langer, R.; Laurencin, C. T. Adv. Drug Delivery Rev. 2002, 
54, 933. 
(7) Paredes, N.; Rodriguez-Galán, A.; Puiggalí, J.; Peraire, C. J. Appl. Polym. Sci. 1998, 
69, 1537. 
(8) Botines, E.; Rodríguez-Galán, A.; Puiggalí, J. Polymer 2002, 43, 6073. 
(9) Jokhadze, G.; Machaidze, M.; Panosyan, H.; Chu, C. C.; Katsarava, R. J. Biomater. 
Sci., Polym. Ed. 2007, 18, 411. 
(10) Armelin, E.; Paracuellos, N.; Rodríguez-Galán, A.; Puiggalí, J. Polymer 2001, 42, 
7923. 
Chapter 1 
 
 - 5 - 
(11) Hofmann, G. O. Clin. Mater. 1992, 10, 75. 
(12) Suganuma, J.; Alexander, H. J. Appl. Biomater. 1993, 4, 13. 
(13) Chu, C. C. Polymer 1985, 26, 591. 
(14) Taylor, M. S.; Daniels, A. U.; Andriano, K. P.; Heller, J. J. Appl. Biomater. 1994, 5, 
151. 
(15) Ignatius, A. A.; Claes, L. E. Biomaterials 1996, 17, 831. 
(16) Bettinger, C. J.; Bruggeman, J. P.; Borenstein, J. T.; Langer, R. S. Biomaterials 2008, 
29, 2315. 
(17) Qian, Z.; Li, S.; He, Y.; Li, C.; Liu, X. Polym. Degrad. Stab. 2003, 81, 279. 
(18) Lozano, M.; Franco, L.; Rodríguez-Galán, A.; Puiggalí, J. Polym. Degrad. Stab. 2004, 
85, 595. 
(19) Vera, M.; Puiggali, J.; Coudane, J. J. Microencapsulation 2006, 23, 686  
(20) Botines, E.; Franco, L.; Puiggalí, J. J. Appl. Polym. Sci. 2006, 102, 5545. 
(21) Pinilla, I. M.; Martinez, M. B.; Mata, F. Z.; Galbis, J. A. Macromolecules 2002, 35, 
2977. 
(22) Timmermann, R.; Dujardin, R.; Koch, R. Bayer Aktiengesellschaft; US patent No. 
5644020, 1997 
(23) Goodman, I.; Valavanidis, A. Eur. Polym. J. 1984, 20, 241. 
(24) Gonsalves, K. E.; Chen, X.; Cameron, J. A. Macromolecules 1992, 25, 3309. 
(25) Feng, Y.; Klee, D.; Höcker, H. Macromol. Biosci. 2001, 1, 66. 
(26) Fey, T.; Keul, H.; Höcker, H. Macromol. Symp. 2004, 215, 307. 
(27) Veld, P. J. A. i. t.; Wei-Ping, Y.; Klap, R.; Dijkstra, P. J.; Feijen, J. Makromol. Chem. 
1992, 193, 1927. 
(28) Lips, P. A. M.; Broos, R.; van Heeringen, M. J. M.; Dijkstra, P. J.; Feijen, J. Polymer 
2005, 46, 7823. 
(29) Bera, S.; Jedlinski, Z. J. Polym. Sci, Part A: Polym. Chem. 1993, 31, 731. 
Introduction and contents of this thesis 
 
 - 6 - 
(30) Legge, N. R.; Holden, G.; Schroeder, H. E. Thermoplastic Elastomers; Hanser: New 
York, 1987. 
 
 
 
 
 
 Chapter 2 
 
Synthesis and characterization of tailor made α,ω-
amino alcohols, diols and diamines for the synthesis 
of poly(ester amide)s with random distribution of 
one amide bond, two consecutive or three 
consecutive amide bonds. 
 
 
2.1. Introduction 
 
Poly(ester amide)s (PEAs) have gained much interest in the last few years as potential 
candidates for biomaterials. These polymers combine the favourable properties of 
polyamides (mechanical stability) and polyesters (hydrolytic degradability). Depending on the 
monomers and/or preformed building blocks used, amide bonds can be placed in a random, 
alternating or segmented (blocky) fashion in a polyester backbone. For synthesis of different 
architectures and microstructures, it is possible to use step growth (condensation) 
procedures where preformed monomers are condensed, chain growth procedures such as 
ring opening polymerization of suitable cyclic monomers or a combination of both. The 
placement of random, sequential or blocky amide bonds leads to variation in polymer 
morphologies and properties. Commercially available monomers or preformed building 
blocks used in PEA synthesis can be classified either on the basis of the resulting 
microstructure formed in the polymer or on the basis of their origin.  
 
2.1.1 Classification of the monomers according to the microstructure formed in PEA 
 
Random microstructure 
Poly(ester amide)s having a random microstructure can be defined as polymers with 
randomly distributed ester and amide groups, including different numbers of adjacent ester or 
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amide groups. Such PEAs can be prepared by condensing either lactones with lactams or 
lactones and lactams with diamines, diols and diacid derivatives.1-15 BAK® 1095, a 
commercial product from Bayer is a random semi-crystalline PEA based on ε-caprolactam, 
1,4-butanediol and adipic acid.1,2 Anionic ring opening polymerization of caprolactones and 
caprolactams has been investigated by Goodman et al.5-9 Tokiwa et al.14 have synthesized 
random PEAs by amide-ester interchange reactions between polyamide and polyester. 
During the initial stages of the interchange reaction, large blocks were formed. With 
increasing reaction time, the blocks shortened and finally random copolymers were formed. 
Random PEAs based on 11-aminoundecanoic acid and ε-caprolactone or lactic acid with 
varying amide contents were prepared by solution polymerization.16,17 With an increase in the 
aminoundecanoic acid content, the melting temperature and heat of fusion increased 
accordingly. Amino alcohol based random PEAs have gained limited attention.18,19 PEA 
elastomers based on 1,3-diamino-2-hydroxy-propane exhibited robust mechanical properties 
and demonstrated biocompatibility in vitro and in vivo.19 Random PEAs based on diamines or 
amino-caproic acids, diols and diacid derivatives have been investigated by various 
researchers.20-26 Recently, synthesis of random PEAs based on α-amino acids having 
reactive pendant functional carboxylic acid groups have been investigated by Jokhadze et 
al.27 These pendant carboxylic acid groups can be further modified and pharmacologic active 
groups can be attached.  
 
Alternating microstructure 
Strictly alternating PEAs can be defined as those where the amide (A) and ester (E) groups 
alternate with one another. The resulting polymer chain can be represented as –AEAEAEAE- 
where the amide and ester bonds are separated with varying number of methylene groups. It 
is also possible to define regular PEAs as those where the microstructure is -
AAEEAAEEAAEE-. Here, 2 consecutive amide and ester groups alternate in the polymer 
chain. Condensation of preformed monomers (containing in-built diamide or diester bonds) 
mainly results in the aforementioned regular PEAs. 
 
Strictly alternating PEAs with (AE) sequence are obtained by polymerizing AB type 
monomers. Condensation of α,ω-amino alcohols with cyclic anhydrides results in preformed 
linear AB monomers (α-carboxyl-ω-hydroxy amides) which can be polymerized to yield 
strictly alternating PEAs.28-32 Ring opening polymerization of morpholine-2,5-dione 
derivatives is yet another synthetic route to obtain alternating PEAs. The polymerization 
proceeds by cleavage of the ester bond to give an alternating sequence of α-hydroxy acid 
and α-amino acid residues.33-44 Goodman et al.45 synthesized alternating PEAs via 
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polycondensation of various methyl-N-(12-hydroxydodecanoyl)-methyl-ω-aminoalkanoates 
and compared the properties to equivalent random copolymers. 
 
Regular PEAs can be synthesized by condensing preformed bisamide diols or bisester 
diamines with diacids or diacid chlorides in solution46-48 or melt.26,46-49 Other types of 
preformed monomers were condensed with activated esters in solution46,50-56 or with acid 
dichlorides or activated esters by interfacial polymerization.26,57-68 Polymerization of diamide-
diesters with diols yields alternating PEAs which have a higher degree of crystallinity than the 
corresponding random PEAs.69-71  
α-Amino acid based alternating PEAs have been investigated by numerous research groups. 
The incorporation of amino acids makes the polymer biocompatible. Preformed monomers 
can be synthesized by condensing amino acids such as alanine or glycine with diols to form 
diester-diamine salts which are then reacted with diacids or diacid chlorides to form 
alternating PEAs.49,51,55,56,59-66,72,73 α,ω-Amino alcohols based alternating PEAs can also be 
obtained by condensing dicarboxylic acids with linear aliphatic amino alcohols with varying 
numbers of methylene groups.49,74 
Recently, a new synthetic route to alternating PEAs has been investigated. In this method, 
thermal polycondensation of different metal salts of chloroacetyl-ω-amino acids leads to 
alternating PEAs.75-79 High molecular weight polymers have been obtained by this method. 
Alternating PEAs derived from tartaric, malic or glutaric acid have unique architecture and 
aregic and/or isoregic polymers can thus be synthesized.49,80-84 Highly crystalline polymers 
were obtained when tartaric acid was used. 
 
Segmented (blocky) microstructure 
The microstructure of a diblock copolymer can be represented as –AAAAA-EEEEE- where A 
and E form 2 different blocks in the polymer chain. As the number of participating 
components increases, the microstructure changes from a diblock to that of a multiblock. 
However, if the block length is small, then clear differences between a random copolymer 
and a polymer with blocky microstructure cannot be made. We define PEAs having a blocky 
microstructure as those where amide or ester blocks of varying lengths are placed 
statistically in the polymer chain. The microstructure can be represented as AA(A)xA-EE(E)y-
AAAA(A)xA-E(E)y- where x and y are different block lengths. 
Block copolymers are synthesized by replacing one of the components with a uniform, 
preformed amide containing monomer. Tailor made monomers such as bisamide-diols and 
diamide-diesters can be condensed with diols and dimethyl adipate to yield 
segmented/blocky PEAs.85-92 The uniform amide blocks are randomly distributed in the 
polyester backbone. The polymers show one glass transition temperature which increases 
Synthesis and characterization of tailor-made monomers 
 
 - 10 - 
with increasing amide content. This proves the presence of one homogeneous amorphous 
phase. Bisamide-diol, prepared from 1,6-hexanediamine and γ-butyrolactone, was reacted  
with adipic acid to form a hard PEA oligomer and a soft oligoester was prepared from 1,2-
ethanediol and adipic acid.92-94 A series of PEAs was obtained by reacting various ratios of 
hard and soft oligomers. In this case, two separate glass transition temperatures were 
observed, indicating the presence of 2 distinct amorphous phases. 
Another synthetic route for preparing segmented PEAs is by interfacial polycondensation of 
acid chloride endcapped oligoesters with diacid chlorides and diamines.26,67,95,96 These 
polymers show 2 melting transitions corresponding to linear polyester and polyamides. 
PEAs containing oligo(oxyethylene) segments have been investigated by Chielline et al.97 
Recently, biodegradable PEAs synthesized by a 2-step polycondensation reaction using 
diemthyl succinate, butan-1,4-diol and butan-1,4-diamine have been investigated by Hideki 
et al.98,99 
 
2.1.2 Classification of the monomers on the basis of their origin 
 
Monomers/building blocks from natural (origin) sources 
Ring opening polymerization of morpholine-2,5-dione derivatives yields polydepsipeptides 
with alternating α-hydroxy acid and α-amino acid residues. Synthesis of alternating 
polydepsipetides consisting of different combinations of α-amino acids (such as glycine, 
alanine or valine) and α-hydroxy acids (such as glycolic or lactic acid) gives rise to PEAs with 
varying hydrophilicity, crystallinity and mechanical stability.18,36,37,39,100,101 However, in order to 
obtain semi-crystalline alternating PEAs, an enantiospecific route is required. Feijen et 
al.33,35,36,102,103 have carried out the ring opening homopolymerization of 3-alkyl substituted 
morpholine-2,5-dione derivatives and the copolymerization of 3-alkyl substituted morpholine-
2,5-dione derivatives with D,L-lactic acid or ε-caprolactone using stannous octoate as an 
initiator. This resulted in PEAs which had no chemically modifiable pendant groups. Ouchi et 
al.37,38 have carried out the synthesis of polydepsipetides with functional side chains having 
glycolic acid, L-lysine, L-aspartic acid or L-glutamic acid residues. Lipase catalyzed ring 
opening polymerization of morpholine-2,5-dione derivatives have been investigated by Feng 
et al.41-44 
Condensation of α-amino acids with aliphatic diols and diacids or their derivatives, containing 
varying number of methylene groups have been intensively investigated by a large number of 
researchers.22,25,27,51-57,59-66,68,79,104-112 Amino acids are natural AB type monomers and 
incorporation of natural α-amino acids increases the susceptibility of the polymers towards 
enzymatic degradation. Further, they have reactive groups which are available for further 
modification where molecules with pharmacological activity can be attached.  
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Naturally occurring sugars such as L-arabinose and D-xylose have been incorporated in the 
polymer backbone to yield stereoregular PEAs. The starting materials, which are sugars, 
come from renewable resources and are easily available and cost effective. Pinilla et al.113-117 
transformed L-arabinose into 2,3,4-tri-O-methylarabinonamide which on reduction gave the 
corresponding 1-aminoarabinitol derivative. Using protection-deprotection chemistry, 
selective succinylation at C-5 was achieved and at the end of a multi-step synthesis, 1-
amino-1-deoxy-2,3,4-tri-O-methyl-5-O-[(pentachlorophenoxy)succinyl]-L-
 arabinitol hydrochloride was obtained. This precursor was polymerized in solution to yield 
stereoregular PEA. Although polymers containing (mono)saccharide moieties are considered 
biodegradable and biocompatible, the multifunctionality of (mono)saccharide poses severe 
limitations to their straight forward use in polymer synthesis. Synthesis of stereoregular 
polymers, which contain several stereocentres in the main chain, has been carried out in 
order to adjust the physical properties by controlling the tacticity and to evaluate the effect of 
chirality on biological activity. 
 
Synthetic monomers/building blocks 
A common approach for the synthesis of PEAs is simultaneous conversion of monomers 
used in commercial synthesis of polyamides and polyesters. Ring opening copolymerization 
of lactones and lactams affords random copolymers.1,2,4-13,15-17,118,119 Aliphatic and/or aromatic 
dicarboxylic acids and diols with varying number of methylene groups give rise to various 
microstructures and architectures. BAK 1095®, a commercial product from Bayer is a random 
semi-crystalline PEA based on ε-caprolactam, 1,4-butanediol and adipic acid.1,2,4 Another 
route is to modify the hydroxyl end groups of oligolactides with sebacoyl chloride and 
subsequent reaction of the resulting building blocks with a diamine to yield PEAs.96,120 
Aliphatic diamines, diacid derivatives and/or oligoesters of varying lengths have also been 
commonly used for the synthesis of PEAs.18-23,26,28-32,46-49,58,68-71,83,85-94,98,99,121,122 
The incorporation of uniform, preformed building blocks such as bisamide diols or bisester 
diamines into the backbone of aliphatic polyesters has gained much interest as they enhance 
the thermal and mechanical properties of polyesters. Such preformed monomers can be 
condensed with dicarboxylic acids, acid chlorides or esters in solution or melt to yield PEAs. 
Bisamide diols can be synthesized by reacting diamines with lactones or hydroxy acids in 
melt or solution.47,48,85-88,92-94 In most cases this reaction is accompanied by successive 
oligomerization of the lactone via the formed hydroxyl groups even in the absence of a 
catalyst. Various researchers have attempted to suppress the production of these oligomeric 
side products by using different synthetic routes and reaction conditions but purification of 
these preformed bisamide-diols is a difficult task and the yields are low. 
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In spite of the variety of monomers and building blocks used in the synthesis of PEAs, there 
are no accounts where differences in properties are evaluated if 1 amide bond or 2 
respectively 3 consecutive amide bonds were randomly incorporated in the polyester chain. 
In order to investigate the differences in the properties and morphology that arise due to the 
sequential placement of the amide bonds, a series of tailor-made monomers were 
synthesized (Scheme 2.1). In this work, all monomers have been synthesized by ring 
opening of lactams or lactones with α,ω-amino alcohols or α,ω-diaminoalkanes. A library of 
monomers varying in the number of methylene groups (from C2 to C4) has been synthesized. 
Preformed α,ω-amino alcohol from δ-valerolactone was synthesized to evaluate the 
differences in the thermal properties of the corresponding PEA as compared to those derived 
from ε-caprolactam or ε-caprolactone. 
A simple synthetic route for the production of these tailor made monomers is described. The 
monomers are obtained in good yields and purity. The tailor made building blocks have been 
characterized by NMR, FT-IR and elemental analysis. Thermal properties have been 
investigated using DSC and TGA. 
 
Nomenclature of the monomers: For simplicity, each monomer has been named after the 
reagents used to prepare it. For example, HO-(εClon/C4)-NH2 has been synthesized from ε-
caprolactone and 1,4-diaminobutane and has –OH and –NH2 end groups (within parenthesis 
the two components are linked via an amide bond). For an overview, the structure and 
names of the monomers are shown in Scheme 2.1. 
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Scheme 2.1: Schematic representation of synthesized preformed monomers. 
 
 
2.2 Experimental 
 
2.2.1 Materials 
ε-Caprolactone, 1,4-diaminobutane, 4-aminobutanol, 3-aminopropanol and 2-aminoethanol 
were obtained from Aldrich, Germany and used as received. δ-Valerolactone was distilled 
before use. All solvents were obtained from Fluka, Germany and used as received.  
 
2.2.2 Synthesis 
Synthesis of HO-(εClon/C4)-NH2 (M1): 
A solution of ε-caprolactone (50.0 g, 0.44 mol) in THF (40 mL) was added dropwise to a 
solution of 1,4-diaminobutane (154.38 g, 1.75 mol) in THF (150 mL). Subsequently, the 
solution was stirred at room temperature for 20 h. The solvent and excess of 1,4-
diaminobutane were removed in vacuum (up to 10-2 mbar, 60°C). The crude product was 
dissolved in methanol and precipitated in cold diethyl ether. The product was filtered and 
dried in vacuum to give a pure product in 90% yield (mp 75°C). 
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1H NMR (300 MHz, DMSO-d6): δ = 7.75 (bt, 1H, NH), 3.36 (t, 2H, CH2OH), 3.03-2.97 (dd, 
2H, CH2NH), 2.9-2.4 (bs, 2H, CH2NH2), 2.9-2.4 (bs, 1H, CH2OH), 2.5 (t, 2H, CH2NH2), 2.03 
(t, 2H, CH2CONH), 1.52-1.45 (m, 2H, CH2CH2CONH), 1.4-1.33 (m, 2H, CH2CH2NHCO), 1.4-
1.33 (m, 2H, CH2CH2OH), 1.33-1.19 (m, 2H, CH2CH2NH2), 1.33-1.19 (m, 2H, 
CH2CH2CH2OH). 
13C NMR (75MHz, DMSO-d6): δ = 171.77 (CONH), 60.52 (CH2OH), 41.31 (CH2NH2), 38.26 
(CH2NHCO), 35.45 (CH2CONH), 32.23 (CH2CH2OH), 30.63 (CH2CH2NH2), 26.62 
(CH2CH2CH2NH2), 25.21 (CH2CH2CONH), 25.16 (CH2CH2CH2OH). 
Elemental analysis: Calc.: C: 59.37, N: 13.85, H: 10.96; found C: 59.14, N: 13.56, H: 10.64. 
 
Monomers HO-(εClon/C4)-OH (M2) and HO-(εClon/C2)-OH (M3) were synthesized according 
to the method described above.  
 
Analysis HO-(εClon/C4)-OH (M2): 
1H NMR (300 MHz, DMSO-d6): δ = 7.73 (bt, 1H, NH), 4.23 (s, 2H, CH2OH), 3.35-3.4 (m, 4H, 
CH2OH), 3.0 (dd, 2H, CH2NH), 2.03 (t, 2H, CH2CONH), 1.5-1.45 (m, 2H, CH2CH2CONH), 
1.45-1.35 (m, 2H, CH2CH2OH), 1.45-1.35 (m, 2H, CH2CH2NHCO), 1.45-1.35 (m, 2H, 
CH2CH2OH), 1.29-1.19 (m, 2H, CH2CH2CH2OH). 
13C NMR (75MHz, DMSO-d6): delta = 171.90 (CONH), 60.60 (CH2OH), 60.41 (CH2OH), 
38.27 (CH2NHCO), 35.49 (CH2CONH), 32.25 (CH2CH2OH), 29.87 (CH2CH2OH), 25.82 
(CH2CH2NHCO), 25.26 (CH2CH2CONH), 25.19 (CH2CH2CH2OH). 
Elemental analysis: Calc.: C: 59.09, N: 6.89, H: 10.41; found C: 59.29, N: 7.26, H: 10.27. 
 
Analysis for HO-(εClon/C2)-OH (M3): 
1H NMR (300 MHz, DMSO-d6): δ = 7.76(bt, 1H, NH), 4.65(s, 1H, CH2OH), 4.35(s, 1H, 
CH2OH), 3.37 (m, 4H, CH2OH), 3.0 (q, 2H, CH2NH), 2.05 (t, 2H, CH2CONH), 1.58-1.35 (m, 
2H, CH2CH2CONH), 1.58-1.35 (m, 2H, CH2CH2OH), 1.30-1.19 (CH2CH2CH2OH). 
13C NMR (75MHz, DMSO-d6): δ = 172.72 (CONH), 61.07 (CH2OH), 60.42 (CH2OH), 41.83 
(CH2NHCO), 35.88 (CH2CONH), 32.74 (CH2CH2OH), 25.67 (CH2CH2CONH), 25.67 
(CH2CH2CH2OH). 
Elemental analysis: Calc.: C: 54.84, N: 7.99, H: 9.78; found C: 54.76, N: 7.99, H: 9.74. 
 
Synthesis of H2N-(εClam/C4)-NH2 (M4): 
ε-Caprolactam (50 g, 0.44 mols), 1,4-diaminobutane (194.65 g, 2.21 mols) and adipic acid 
(2.5 g, 17.1 mmols; 5wt% of ε-caprolactam) were refluxed at 180°C for 9 hours. E xcess 1,4-
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diaminobutane was removed in vacuum (up to 10-2 mbar and 60°C). The product obtained 
was a white wax. The yield was 99% (mp 74 °C). 
 
1H NMR (300 MHz, DMSO-d6): δ = 7.79 (bt, 1H, NH), 3.03-2.97 (dd, 2H, CH2NH), 2.55-2.45 
(dt, 4H, CH2NH2), 2.0 (t, 2H, CH2CONH), 1.85-1.55 (bs, 4H, CH2NH2), 1.5-1.4 (m, 2H, 
CH2CH2CONH), 1.4-1.2 (m, 2H, CH2CH2NHCO), 1.4-1.2 (m, 4H, CH2CH2NH2), 1.4-1.2 (m, 
2H, CH2CH2CH2NH2). 
13C NMR (75MHz, DMSO-d6): δ = 171.78 (CONH), 41.52 (CH2NH2), 41.34 (CH2NH2), 38.27 
(CH2NHCO), 35.43 (CH2CONH), 33.09 (CH2CH2NH2), 30.69 (CH2CH2NH2), 26.67 
(CH2CH2CH2NH2), 26.06 (CH2CH2CONH), 25.24 (CH2CH2CH2NH2). 
Elemental analysis: Calc. C: 59.66, N: 20.87, H: 11.52; found: C: 59.94, N: 20.49, H: 11.30. 
 
Monomers H2N-(εClam/C4)-OH (M5), H2N-(εClam/C3)-OH (M6) and H2N-(εClam/C2)-OH (M7) 
were synthesized according to the method described above. 
 
Analysis HO-(εClon/C2)-OH (M5): 
1H NMR (300 MHz, DMSO-d6) δ = 7.83 (bt, 1H, NH), 3.44 (t, 2H, CH2OH), 3.08 (q, 2H, 
CH2NH),  3.0-2.7 (bs, 2H, CH2NH2), 3.0-2.7 (bs, 1H, CH2OH),  2.55 (t, 2H, CH2NH2), 2.09 (t, 
2H, CH2CONH), 1.56-1.49 (m, 2H, CH2CH2CONH), 1.49-1.42 (m, CH2CH2NH2), 1.42-1.35 
(m, 2H, CH2CH2NHCO), 1.33-1.25 (m, 2H, CH2CH2CH2NH2). 
13C NMR (75 MHz, DMSO-d6) delta = 172.27 (CONH), 60.91 (CH2OH), 42.07 (CH2NH2), 
38.83 (CH2NHCO), 35.92 (CH2CONH), 33.58 (CH2CH2NH2), 30.47 (CH2CH2OH), 26.67 
(CH2CH2NHCO), 26.41 (CH2CH2CH2NH2), 25.86 (CH2CH2CONH). 
Elemental analysis: Calc. C: 59.37, N: 13.85, H: 10.96; found: C: 59.25, N: 13.51, H: 11.03. 
 
Analysis of H2N-(εClam/C3)-OH (M6): 
1H NMR (300 MHz, DMSO-d6): δ = 7.76 (bt, 1H, NH), 3.39 (t, 2H, CH2OH), 3.30-3.11 (bs, 
2H, CH2NH2), 3.30-3.11 (bs, 1H, CH2OH),  3.07 (q, 2H, CH2NH), 2.5 (t, 2H, CH2NH2), 2.03 (t, 
2H, CH2CONH), 1.58-1.14 (m, 2H, CH2CH2OH), 1.58-1.14 (m, 2H, CH2CH2CONH), 1.58-1.14 
(m, 2H, CH2CH2NH2), 1.58-1.14 (m, 2H, CH2CH2CH2NH2). 
13C NMR (75MHz, DMSO-d6) : δ = 172.58 (CONH), 58.83 (CH2OH), 41.92 (CH2NH2), 36.02 
(CH2CONH), 35.90 (CH2NHCO), 33.37 (CH2CH2OH), 32.92 (CH2CH2NH2), 26.53 
(CH2CH2CH2NH2), 25.71 (CH2CH2CONH).  
Elemental analysis: Calc. C: 57.42, N: 14.88, H: 10.71; found: C: 57.17, N: 14.43, H: 10.61. 
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Analysis of H2N-(εClam/C2)-OH (M7): 
1H NMR (300 MHz, DMSO-d6): δ = 7.79 (bt, 1H, NH), 3.37 (t, 2H, CH2OH), 3.1 (q, 2H, 
CH2NH),  2.9-2.6 (bs, 2H, CH2NH2), 2.9-2.6 (bs, 1H, CH2OH),  2.5 (t, 2H, CH2NH2), 2.05 (t, 
2H, CH2CONH), 1.52-1.42 (m, 2H, CH2CH2CONH), 1.38-1.17 (m, 2H, CH2CH2CH2CONH), 
1.38-1.17 (m, 2H, CH2CH2NH2). 
13C NMR (75MHz, DMSO-d6): δ = 172.2 (CONH), 59.84 (CH2OH), 41.44 (CH2NH2), 41.33 
(CH2NHCO), 35.33 (CH2CONH), 32.95 (CH2CH2NH2), 26.03 (CH2CH2CONH), 25.14 
(CH2CH2CH2NH2). 
Elemental analysis: Calc. C: 55.15, N: 16.08, H: 10.41; found: C: 54.8, N: 15.74, H: 10.42. 
 
Synthesis of HO-(δVal/C4)-NH2 (M8): 
A solution of freshly distilled δ-valerolactone (20 g, 0.2 mol) in THF (20 mL) was added 
dropwise to a solution of 1,4-diaminobutane (70.4 g, 0.8 mol) in THF (80 mL). Subsequently, 
the solution was stirred at room temperature for 20 h. The solvent was removed at reduced 
pressure. Excess 1,4-diaminobutane was removed in vacuum (up to 10-2 mbar and 60°C). 
The crude product was dissolved in methanol and precipitated in cold diethyl ether. The 
product was filtered and dried in vacuum to give a pure product in 87% yield (mp 63 °C). 
 
1H NMR (300 MHz, DMSO-d6): δ = 7.78(bt, 1H, NH), 3.37 (t, 4H, CH2OH), 3.0 (q, 2H, 
CH2NH), 2.5 (t, 2H, CH2NH2), 2.05 (t, 2H, CH2CONH), 1.54-1.46 (m, 2H, CH2CH2CONH), 
1.43-1.27 (m, 2H, CH2CH2OH), 1.43-1.27 (m, 2H, CH2CH2NH2), 1.43-1.27 (m, 2H, 
CH2CH2CH2NH2). 
13C NMR (75MHz, DMSO-d6): δ = 172.27 (CONH), 60.92 (CH2OH), 41.90 (CH2NHCO), 
38.86 (CH2NH), 35.82 (CH2CONH), 32.63 (CH2CH2OH), 31.24 (CH2CH2NH2), 27.25 
(CH2CH2NH), 22.53 (CH2CH2CO). 
Elemental analysis: Calc.: C: 57.42, N: 14.88, H: 10.71; found C: 57.27, N: 14.46, H: 10.62. 
 
2.2.3 Methods 
Nuclear magnetic resonance spectroscopy: 1H and 13C NMR spectra were recorded on a 
Varian Mercury spectrometer at 300 MHz. Deuterated dimethyl sulphoxide was used as 
solvent and tetramethylsilane served as internal standard. 
Elemental analysis: CHN analysis was conducted on Heraeus CHN-O-Rapid Elementar 
Vario EL instrument. 
Differential scanning calorimetry: DSC measurements were conducted on a Netzsch DSC 
204 unit equipped with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply 
system). Indium was used as a calibration standard. Samples (typical weight, 5-7 mg) were 
enclosed in standard Netzsch 25 µL aluminum crucibles. The measurement was carried out 
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at heating and cooling rates of 10 K/min from -75 to 300°C under a continuous nitrogen 
purge (50 mL/min). Three successive runs (heating-cooling-heating) were performed for 
each sample. Only the cooling and second heating scans are reported, unless otherwise 
stated in the text. 
Themogravimetric analysis: TGA was performed on 7-10 mg samples under a nitrogen 
atmosphere from room temperature to 800°C using Net zsch TG209 with a TA System 
Controller TASC 414/2. The heating rate was 10 °C/m in. 
Fourier transform infrared spectroscopy: FT-IR spectra were recorded on Perkin-Elmer FTIR 
1760 in KBr pellets. 
 
 
2.3 Results and discussion 
 
The monomers described here have been prepared by nucleophilic ring opening of ε-
caprolactone, δ-valerolactone or ε-caprolactam with 1,4-diaminoalkanes or α,ω-amino 
alcohols. Ring opening of lactones by primary amines proceeds without the addition of a 
catalyst under mild reaction conditions. The conversion of lactones is quantitative. Ring 
opening of caprolactam requires harder reaction conditions and quantitative conversion is 
difficult to achieve. A small amount of adipic acid was used as catalyst to open the lactam 
ring. As described in the experimental part, addition of excess diamine or amino alcohol 
prevents the formation of oligomers and the desired product is selectively formed. Excess of 
the reactant is then removed in vacuum and the crude product is purified by dissolving it in 
minimum amount of methanol and precipitation in cold ether. The purified products were 
obtained in high yield. 
Exemplarily the 1H and 13C NMR spectra of HO-(εClon/C4)-NH2 (M1) are represented in 
Figure 2.1. The resonance peak at δ=7.78 ppm is characteristic for amide protons indicating 
that ring opening of the lactone with formation of an amide bond indeed took place. Further, 
the chemical shifts of the methylene protons adjacent to the amide bond (C5 and C8) and the 
end groups (C2 and C12) clearly indicate the formation of the desired product. The 
resonance peaks in 13C spectra are in good agreement with the assigned structure.  
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Figure 2.1: NMR spectrum of HO-(εClon/C4)-NH2 (M1) measured in DMSO-d6: (a) 1H NMR 
and (b) 13C NMR (# = DMSO signal). 
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2.3.1 Thermal Properties 
Differential scanning calorimetry measurements were performed to elucidate the 
crystallization behaviour of the preformed monomers. Elucidation of the thermal properties 
such as melting and crystallization temperature, their enthalpies and kinetics are important 
factors in determining the crystalline content and the rate of crystallization of the materials in 
question. It is important for our tailor made monomers to be crystalline as they would form 
the hard domains in the PEAs. A component can form the hard domains in the polymer if it 
has a high melting temperature and can crystallize quickly from the melt. 
After erasing the thermal history of the samples in the first heating run, cooling and second 
heating scans for M1-M3 are shown in Figure 2.2a and b; for M4-M7 in Figure 2.3a and b 
and for M8 in Figure 2.4 respectively. The thermal properties have been summarized in 
Table 2.1. 
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Figure 2.2: DSC of monomers M1, M2 and M3: (a) cooling scan and (b) second heating scan 
(performed at a heating and cooling rate of 10 K/min). 
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Figure 2.3: DSC of monomers M4, M5, M6 and M7: (a) cooling scan and (b) second heating 
scan (performed at a heating and cooling rate of 10 K/min). 
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Figure 2.4: DSC cooling and second heating scans for M8. Cooling and heating rates of 10 
K/min were used. 
 
 
M1 with M2 differ only in one of the end groups: M1 has -OH and –NH2 end groups which 
arise from the reaction of ε-caprolactone with 1,4-diaminobutane where as M2 has only 
hydroxy end groups resulting from the reaction between ε-caprolactone and 4-aminobutanol. 
M1 shows faster crystallization as compared to M2. In the cooling scan, M1 crystallizes 
completely where as M2 crystallizes partially, displaying multiple exotherms. Further 
crystallization of M2 is observed in the second heating scan. M2 shows multiple exothermic 
peaks indicating the presence of different crystalline phases (or the formation of different 
crystallite sizes). Further, the melting temperatures of M1 are higher than M2. This can be 
attributed to the –NH2 end group in M1 which accounts for hydrogen bonding.  
M2 and M3 differ in the number of methylene groups as they are formed from 4-
aminobutanol and 2-aminoethanol respectively. The enthalpy of crystallization and melting 
(Table 2.1) is much higher for M3 as compared to M2, indicating stronger interaction 
between the shorter methylene chains. 
M1 and M5 have the same chemical composition but differ in the orientation of the end 
groups. Both M1 and M5 crystallize fast from the melt. However M5 shows much higher 
crystallization and melting temperatures (above 100 °C) compared to M1 but the 
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corresponding enthalpies are much lower. This indicates that chain packing is better for M1 
in comparison to M5. 
Monomers M4 and M5 are condensation products obtained by reacting ε-caprolactam with 
1,4-diaminobutane and 4-aminobutanol respectively. M4 shows slower crystallization as 
compared to M5 and exhibits multiple exotherms and endotherms, indicating the presence of 
different crystalline phases (or different crystallite sizes). The corresponding enthalpies are 
slightly higher for M4 than for M5. 
M5, M6 and M7 can be compared on the basis of increasing number of methylene groups 
(from the corresponding α,ω-amino alcohols used). The melting and crystallization 
temperatures are expected to increase with increasing number of methylene groups and 
monomers having even numbered methylene groups should have higher enthalpies of 
melting and crystallization (chain packing is expected to be better) in comparison to the odd 
numbered methylene groups. As expected, the melting and crystallization temperature 
decrease as the number of methylene groups decrease. However, M7, derived from 2-
aminoethanol, is completely amorphous. It is possible that crystallization of M7 proceeds at a 
very slow rate and there is not enough time during the cooling cycle to let the crystals grow 
from the melt. Contrary to our expectations, M6 has the highest enthalpy for crystallization 
and melting, although it contains only odd number of methylene groups.  
M1 and M8 differ in the lactone used for their synthesis. M8, derived from δ-valerolactone 
has one methylene group less than ε-caprolactone. M8 crystallizes only partially in the 
cooling scan and further crystallization takes place in the second heating scan. Also, M8 
shows multiple exo and endotherms indicating the presence of different crystalline phases 
(or crystallites of different sizes). M1, on the other hand, displays only one melting and 
crystallization peak. The corresponding enthalpies of M1 and M8 are comparable. 
 
The thermal stability of the monomers was determined by TGA. The onset of decomposition 
is taken as the temperature of decomposition as shown in Figure 2.5a and b and listed in 
Table 2.1. All monomers have a high decomposition temperature. This is important as the 
polycondensation reaction for the preparation of the poly(ester amide)s is carried out at 170-
180 °C. 
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Figure 2.5: TGA curves for (a) M1, M2, M3 and M4 and (b) M5, M6, M7 and M8 (performed 
at a heating rate of 10 K/min). 
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Table 2.1: Thermal properties of synthesized monomers 
Monomer 
Td 
(°C) 
Tm 
(°C) 
∆ Hm  
(J/g) 
Tc 
(°C) 
∆ Hc 
(J/g) 
M1 252.6 75.6 95.7 13.1 -64.8 
M2 251.5 62.5 153.9 -19.8, -8.5 -77.4 
M3 242.1 78.2 182.9 -0.9 -115.3 
M4 413.1 75.7, 93.4 27.6 18.1, 45.1 -34.7 
M5 259.0 149.3 10.6 100.3 -11.5 
M6 267.4 82.9 124.6 8.7 -80.8 
M7 224.6     
M8 230.9 63.2, 92.5 83.9 13.2, 19.4, 34.8 -75.4 
 
 
2.3.2 Characterization by means of IR-spectroscopy  
Nylons can be easily identified by IR spectra.123 Strong IR bands at 3300 cm-1 (ν NH H-
bonded), ~1640 cm-1 (Amide I, ν CO) and ~1545 cm-1 (Amide II, ν CN + CO-NH bend) are 
characteristic of the trans planar conformation of the amide group. Orientation and 
crystallinity of the sample can be determined from the position and intensity of the sharp 
crystalline peaks and broader bands from the amorphous phase. Table 2.2 lists the main 
peaks found for the monomers M1 to M8 along with the characteristic peaks for nylon-6 in 
the α and γ phase. The α and γ phases are the most stable crystal structures formed for 
nylon-6. 
In the case of nylon-6 in the α form (Figure 2.6a), the molecules are in the fully extended zig-
zag conformation and grouped into essentially planar, H-bonded sheets which are staggered 
up and down. The resulting structure is monoclinic. Most even-even nylons take up the α 
form of crystallization. Compared to the α form, the γ phase (Figure 2.6b) has a shorter chain 
axis due to a 30° tilting of the amide group with r espect to the chain axis. The tilting allows all 
H-bonds to be formed without strain. The energy cost expended to twist the amide groups in 
the γ crystals is compensated by the stability of the fully H-bonded structure. The resulting 
structure is termed pseudohexagonal. The γ phase is found mainly in even-odd, odd-even 
and odd-odd nylons.  
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Figure 2.6a: Monoclinic unit cell of nylon-6 in the α structure. The hydrogen-bonds are 
indicated by dotted lines. (Taken from Ref. 125) 
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Figure 2.6b: Monoclinic unit cell of nylon-6 in the γ structure. The hydrogen-bonds are 
indicated by dotted lines. (Taken from Ref. 125) 
 
 
The FT-IR spectra of the monomers M1-M3 and M8 taken at room temperature are shown in 
Figure 2.7(a-d) for the wavenumber regions 3600-2700, 1700-1300, 1300-800 and 800-550 
cm-1 respectively.  
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Table 2.2: FT-IR assignments of the main peaks seen in the synthesized monomers and its comparison to those found in nylons.123  
 
Assignmenta PA-6 (α) PA-6(γ) M1 M2 M3 M4 M5 M6 M7 M8 
ν NH H-bonded 
  3320 3305 3318 3297 3313 3320 3322 3313 
νa CH   2927 2942 2942 2931 2931 2927 2939 2935 
νs CH   2867 2865 2859 2858 2858 2861 2861 2861 
Amide I   1643 1633 1643 1635 1639 1658 1654 1633 
Amide II ~1540 ~1560 
1560 (γ) 
1540b (α) 1540 (α) 1556 (γ) 1562 (γ) 1550 1567 1558 (γ) 1544 (α) 
NH vic. CH2 bend ~1475  1475c (α) 1475 (α)  1477 (α)    1477c (α) 
CH2 bend 1464 1463    1461b (γ) 1469 1469 1467  
CH2 bend 1436 1442    1436 (α)  1436c (α)   
CO vic. CH2 bend 1417   1421 (α) 1419c (α)  1427 1423 1421 (α) 1425c 
Amide III 1265 1269    1261 1265 (α)   1267 (α) 
ν C-CO 959 977 966c (α) 944 950c (α)  944  966 (α) 944 
CH2 wag 731 730 730c (γ)   732 740 740 729 736 
Amide V 691 712 692 (α) 690c (α) 712c (γ)  686 (α)  686c (α) 678c (α) 
Amide VI 579 623 611 580c (α) 590c (α)  590 (α) 584c (α) 578c (α) 576c (α) 
a 
ν : stretching mode;  b : seen as a shoulder; c : low intensity  
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Figure 2.7: FT-IR spectrum for M1, M2, M3 and M8 measured at room temperature for the 
wavenumber region (a) 3600 to 2700 cm-1 and (b) 1700 to 1300 cm-1. 
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Figure 2.7: FT-IR spectrum for M1, M2, M3 and M8 measured at room temperature for the 
wavenumber region (c) 1300 to 800 cm-1 and (d) 800 to 550 cm-1. 
 
 
Chapter 2 
 
- 31 - 
The H-bonded O-H stretching band (~3400 cm-1) is observed for M1 and M2. The H-bonded 
N-H stretching band is observed at 3320, 3305, 3318 and 3313 cm-1 for M1, M2, M3 and M8 
respectively. The Amide II band in the IR spectra is sensitive to the crystalline structure and 
appears at ~1540 cm-1 (for the α form) and at ~1560 cm-1 (γ form). In Figure 2.7b, the spectra 
of M2 and M8 shows a band at 1540 cm-1 revealing α crystalline form. M3, on the other hand, 
shows a band at 1566 cm-1 indicative of the γ form. M1 shows a predominant peak at 1560 
cm-1 (γ form) having a shoulder at 1540 cm-1 (α form). Other polymorph sensitive bands are 
the Amide V (out-of-plane bends of the N-H group) and Amide VI (out-of-plane bends of the 
C=O group). They appear as relatively sharp bands at ~690 and ~580 cm-1 for the α form but 
are shifted to ~712 and 625 cm-1 for the γ form. M2 and M8 show weak intensity bands at 
690 and 580 cm-1 indicative of an α form. However, only a band at ~690 cm-1 is observed for 
M1. In the case of M3, bands at 712 and 590 cm-1 were observed indicative of the presence 
of both α and γ crystalline phases. 
In the fingerprint region (1500 to 500 cm-1), other bands associated with the amide group can 
be determined, however, most of them arise from vibrations of the methylene backbone. The 
sharp IR bands for the CH2 groups adjacent to NH and CO in the α form can be detected at 
~1475 and ~1415 cm-1. The γ phase shows bands at ~1465 and ~1440 cm-1. M2 shows 
bands at 1475 and 1421 cm-1 revealing an α crystalline form. M1 and M3 show only single 
bands at 1475 and 1419 cm-1 respectively, indicative of an α crystalline form. In the case of 
M8, IR band at ~1475 cm-1 is representative of the α crystalline form even though the pairing 
band at ~1425 cm-1 is higher in wavenumber in comparison to that for nylon-6.  
IR bands specific for the α phase found in even-even nylons at 1540, 1475, 1421, 690 and 
580 cm-1 are all observed for M2 and M8 indicating their predominant α crystalline form. In 
the case of M1 and M3, a mixture of α and γ crystalline phases is observed. As described 
above, the polymorph Amide II band is seen at 1560 cm-1 (γ phase) with a shoulder at 1540 
cm-1 (α phase) for M1. Other small absorption bands at 966 and 692 cm-1 belong to the α 
phase where as the band at 730 cm-1 is representative of the γ phase. In the case of M3, the 
Amide II appears at 1566 cm-1 and the band at 712 cm-1 belongs to the γ phase. Other IR 
bands at 1419, 950 and 590 cm-1 are indicative of the presence of α type crystal. 
 
The FT-IR spectra of the monomers M4-M7 taken at room temperature are shown in Figure 
2.8(a-d) for the wavenumber regions 3600-2700, 1700-1300, 1300-800 and 800-550 cm-1 
respectively. 
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Figure 2.8: FT-IR spectrum for M4, M5, M6 and M7 measured at room temperature for the 
wavenumber region (a) 3600 to 2700 cm-1 and (b) 1700 to 1300 cm-1. 
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Figure 2.8: FT-IR spectrum for M4, M5, M6 and M7 measured at room temperature for the 
wavenumber region (c) 1300 to 800 cm-1 and (d) 800 to 550 cm-1.  
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A close look at the IR bands for the monomers M4-M7 (Figure 2.8) reveals the presence of a 
mixture of α and γ crystalline structures. All monomers show the presence of H-bonded NH 
stretch at ~3300 cm-1. The polymorph sensitive amide II band is seen at 1562 and 1558 cm-1 
for M4 and M7 respectively (γ phase). In the case of M5 and M6, the amide II band could not 
be assigned to either of the crystalline structures.  
IR band for the CH2 groups adjacent to NH and CO in the α form can be detected at ~1475 
and ~1415 cm-1. The γ phase shows bands at ~1465 and ~1440 cm-1. In the case of M4, 
these bands were observed at 1477 and 1436 cm-1 (α phase) with a shoulder at 1461 cm-1 (γ 
phase). The absorption band at 1436 cm-1 for M6 is assigned to the α phase. However, 
crystalline phases could not be assigned to M5 and M7 which showed absorption bands at 
1469 and 1467 cm-1 respectively.  
The CO vic. CH2 bend band at ~1420 cm-1 (α phase) was observed only in the case of M7. 
Amide V and amide VI bands were observed as weak bands at ~690 and ~580 cm-1 
respectively for M5, M6 and M7.  
Monomers M5 and M6 predominantly take the α crystalline phase where as monomers M4 
and M7 on the other hand show the presence of both α and γ crystals. 
Only a part of the crystalline structure of the monomers resembles that of nylons. This varied 
polymorphism seen in the monomers is due to the required optimisation of the structural 
energetics involving H-bonding and amide group conformation in the course of a fast 
crystallization process. 
 
 
2.4 Conclusions and outlook 
 
Preformed α,ω-amino alcohols, diols and diamines were synthesized through ring opening of 
ε-caprolactone, δ-valerolactone or ε-caprolactam with 1,4-diaminobutane or α,ω-amino 
alcohols containing varying numbers of methylene groups. All tailor-made monomers were 
obtained in high yield and purity. At room temperature, preformed α,ω-amino alcohols, diols 
and diamines are present in an α- or γ-type crystalline phase, or a mixture of both, similar to 
those found in nylons. All preformed monomers except H2N-(εClam/C2)-OH (M7) are highly 
crystalline and show multiple exothermic and endothermic transitions. However, it was not 
possible to correlate the thermal properties (multiple endo- and exotherms) with the 
crystalline phases (α or γ phases as determined from IR spectroscopy). Monomers, such as 
M1 and M3, show single crystallization and melting peaks but their IR analyses reveal the 
presence of a mixture of α and γ phases. On the other hand, monomer M2 shows multiple 
exo- and endotherms in the thermal analyses but the IR spectrum reveals the presence of a 
predominantly α-crystalline phase.   
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Monomers prepared from ε-caprolactone were synthesised under mild reaction conditions 
and obtained quantitatively. Therefore, these monomers (M1, M2 and M3) will be considered 
for the synthesis of 2-adjacent amide and 1-amide series of PEAs (see Chapter 3 of this 
thesis). Monomer M4, obtained from ε-caprolactam, will be used to synthesize the 3-adjacent 
amide series of PEAs (see Chapter 3 of this thesis). These selected monomers are 
crystalline and it is expected that their incorporation in the polyester backbone should result 
in semi-crystalline PEAs. 
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 Chapter 3 
 
Synthesis and characterization of poly(ester amide)s 
with one, two consecutive or three consecutive 
amide bonds randomly distributed along the 
polyester backbone. 
 
 
3.1 Introduction 
 
Aliphatic polyesters are a well known class of synthetic biodegradable polymers. Their low 
melting point and insufficient mechanical properties to suit a number of applications in the 
biomedical field have prompted researchers to look for alternatives. Poly(ester amide)s 
(PEA)s have emerged as a separate class of synthetic biodegradable polymers which 
combine the favourable characteristics of polyesters and polyamides. By varying the ratio of 
amide to ester groups, their physico-chemical properties can be tuned to meet a wide range 
of requirements-from high stability to fast degradability. Depending on the synthetic route and 
monomers used, PEAs can be classified as random, alternating or segmented (blocky) co-
polymers. Two main synthetic strategies have been employed: (i) in which both the amide 
and the ester groups are formed during synthesis and (ii) in which preformed isolated or 
adjacent amide groups in a preformed building block are incorporated in a polyester (only 
ester bonds are formed during synthesis). A literature overview regarding the different 
synthetic routes to obtaining PEAs with different microstructures is discussed below. 
 
3.1.1 Poly(ester amide)s with random microstructure 
Poly(ester amide)s having a random microstructure can be defined as polymers with 
randomly distributed ester and amide groups, including different numbers of adjacent ester or 
amide groups. Synthesis of random PEAs can be conveniently carried out either by the ring 
opening polymerization of lactams with lactones or by polycondensation of lactones and 
lactams with diamines, diols and dicarboxylic acid derivatives.1-16 BAK® 1095, a commercial 
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product from Bayer is a random semi-crystalline PEA based on ε-caprolactam, 1,4-
butanediol and adipic acid.1,2 The polymer could be easily processed and is suitable for a 
wide range of applications. A series of PEAs based on ε-caprolactam, 1,4-butanediol and 
adipic acid and/or octanedioic acid has been investigated in detail by Höcker and co-
workers.17 The mechanical stability and the degradation rates of the PEAs could be 
manipulated by varying the ratios of the dicarboxylic acids to the diol content. Melting 
temperatures ranging from 85 °C to 135 °C and glass  transition temperature from -38 °C to -
18 °C could be obtained. Random PEAs based on diami nes or aminocaproic acids, diols and 
dicarboxylic acid derivatives and/or oligoesters of varying lengths have been investigated by 
various researchers.18-24 It was found that PEAs with high amide content showed one melting 
endotherm attributed to a polyamide rich phase where as PEAs with high ester content 
showed 2 melting endotherms. The lower endotherm corresponded to a polyester rich phase 
and the higher one to a polyamide rich phase. Use of 2,3-di-O-methoxy-L-tartaric and 
succinic acids acid creates optically active  random PEAs when they are reacted with a 
diamine and a diol.18 By increasing the ester content from 0 to 20 mol%, the melting and 
glass transition temperature decreased from 232 to 204 °C and from 116 to 59 °C 
respectively. Bettinger et al.25 have synthesized amino alcohol (1,3-diamino-2-hydroxy-
propane) based PEAs that exhibit robust mechanical properties and in vitro and in vivo 
biocompatibility. Jokhadze et al.26 synthesized random PEAs based on α-amino acids having 
reactive pendant functional carboxylic acid groups which can be modified and pharmacologic 
active groups can be attached. 
 
3.1.2 Poly(ester amide)s with alternating microstructure 
Strictly alternating PEAs can be defined as those where the amide (A) and ester (E) groups 
alternate with one another. The resulting polymer chain can be represented as –AEAEAE– 
where the amide and ester bonds are separated with varying number of methylene groups. It 
is also possible to define regular PEAs as those where the microstructure is –AAEEAAEE–. 
Here, 2 consecutive amide and ester groups alternate in the polymer chain. Condensation of 
preformed monomers (containing in-built diamide or diester bonds) mainly results in the 
aforementioned regular PEAs. 
 
Strictly alternating PEAs with (AE) sequence are obtained by polymerization of AB type 
monomers. Ring opening polymerization of morpholine-2,5-diones gives PEAs with 
alternating microstructure. The polymerization proceeds by selective cleavage of the ester 
bond to give an alternating sequence of α-hydroxy acid and α-amino acid residues.27-34 
Enzyme catalyzed ring opening polymerization of morpholine-2,5-diones has been carried 
out between 100 to 130 °C in the presence of differ ent lipases.35-38 Monomer was recovered 
Chapter 3 
 
 - 45 -  
in the absence of the enzyme or using an inactivated enzyme, indicating that the 
polymerization proceeds through enzymatic catalysis. Copolymerization of morpholine-2,5-
diones with lactide or glycolide provides the possibility to prepare materials with a wide range 
of properties which are dependent on the copolymer composition. 
Höcker and coworkers have correlated the synthesis and properties of alternating PEAs 
based on α,ω-amino alcohols and cyclic anhydrides.39-43 The synthesis was carried out by 
polycondensation of linear AB-monomers (α-carboxyl-ω-hydroxy amides) and in some cases 
additionally by ring-opening polymerization of cyclic ester amides.  
 
Regular PEAs with (AAEE) sequence can be synthesized by condensing preformed 
bisamide diols or bisester diamines with diacids or diacid chlorides in solution44-46 or melt.22,44-
47
 Other types of preformed monomers were condensed with activated esters in solution44,48-
54
 or with acid dichlorides or activated esters by interfacial polymerization.22,55-66 
Polymerization of diamide-diesters with diols yields alternating PEAs which have a higher 
degree of crystallinity than the corresponding random PEAs.67-69 
Amino acid based alternating PEAs have gained much attention during the last years as 
biodegradable polymers. Such polymers have been synthesized by a 2-step condensation 
reaction. In the first step alanine or glycine are condensed with diols to form diester-diamine 
salts which are then reacted with dicarboxylic acids or dicarboxylic acid chlorides to form 
alternating PEAs.49,53,54,57-60,63,70,71 α,ω-Amino alcohols based alternating PEAs can also be 
obtained by condensing succinic and tartaric acids with linear aliphatic amino alcohols with 
variable numbers of methylene carbons.47,72 The amino alcohol adopts a syndioregic 
orientation and the succinic and tartaric acid units alternate regularly along the polymer 
chain.47 
Recently, a new synthetic route for alternating PEAs has been developed. In this method, 
thermal polycondensation of different metal salts of chloroacetyl-ω-amino acids leads to 
sequential PEAs. High molecular weight polymers have been reportedly obtained.73-77 
Sequential PEAs derived from tartaric, malic or glutaric acid leads to the formation of aregic 
and/or isoregic polymers.47,78-82 Syndioregic and isoregic PEAs from tartaric acid were found 
to be highly crystalline with melting temperatures between 100 to 150 °C and glass transition 
temperature between 10 to 30 °C. 
 
3.1.3 Segmented (blocky) co-poly(ester amide)s 
The microstructure of a diblock copolymer can be represented as –AAAAA-EEEEE– where A 
and E form 2 different blocks in the polymer chain. As the number of blocks increases, the 
microstructure changes from a diblock to that of a multiblock copolymer. However, if the 
block length is small, then clear differences between a random copolymer and a polymer with 
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blocky microstructure cannot be made. We define PEAs having a blocky microstructure as 
those where amide or ester blocks of varying lengths are placed statistically in the polymer 
chain. The microstructure can be represented as –AA(A)xA-EE(E)y-AAAA(A)xA-E(E)y– where 
x and y are different numbers. 
Blocky copolymers, also called segmented PEAs are a class of thermoplastic elastomers.83 
These copolymers are built up from hard and soft domains. These domains are formed via 
self organisation of the polymer chain segments. The hard domains consist of amide 
segments that can crystallize, have a high melting point and can form thermo-reversible 
physical crosslinks via hydrogen-bonding, which contribute to the mechanical strength of the 
polymer. The soft domains consist of the ester groups which have a low glass transition 
temperature (Tg) and in case of semi-crystalline ester segments, low melting points. At room 
temperature, the low melting soft domains are incompatible with the high melting hard 
domains, which lead to a microphase separation. Usually a single melting temperature 
corresponding to the melting of hard domains is seen. However, if in a copolymer, the semi-
crystalline ester segment content is high and can crystallize, then two melting temperatures 
are observed. The lower melting temperature corresponds to the melting of the soft domain 
and the higher melting temperature to the hard domain. An increase in Tg with increasing 
amide content is observed due to amorphous amide segments. Upon heating above the 
melting temperature of the hard domains, the polymer forms a homogeneous melt which can 
be easily processed. On cooling segregation between the hard and soft domains takes place. 
 
Segmented PEAs can be synthesized by replacing part of one of the reactants in 
polycondensation by a preformed amide containing monomer of uniform structure. 
Preformed monomers such as bisamide-diols or bisamide-diesters can be aliphatic or 
aromatic in nature. Tailor made monomers such as bisamide-diols and bisamide-diesters can 
be condensed with diols and dimethyl adipate to yield segmented PEAs.84-91 The uniform 
amide blocks are randomly distributed in the polyester backbone. The polymers show one 
glass transition temperature which increases with increasing amide content. This proves the 
presence of one homogeneous amorphous phase. Bisamide-diol, prepared from 1,6-
hexanediamine and γ-butyrolactone, was reacted with adipic acid to form a hard PEA 
segment and a soft oligoester segment was obtained from 1,2-ethanediol and adipic acid.91-93 
A series of PEAs was obtained by reacting various ratios of these hard and soft oligomeric 
segments. In this case, two separate glass transition temperatures and one melting 
temperature were observed, indicating the presence of two distinct amorphous domains and 
one crystalline phase. 
Another synthetic route for preparing segmented PEAs is by interfacial polymerization of 
carboxylic acid chloride endcapped oligoesters with an additional dicarboxylic acid dichloride 
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and diamines.22,65,94,95 These polymers show two melting transitions corresponding to linear 
polyester and polyamides. 
Recently, biodegradable PEAs synthesised by a two-step polycondensation reaction using 
dimethyl succinate, butan-1,4-diol and butan-1,4-diamine have been investigated by Hideki 
et al.96,97 PEAs containing oligo(oxyethylene) segments have been investigated by Chielline 
et al.98 
 
As described above, there are numerous pathways to synthesize PEAs. A systematic study 
relating to the properties arising from the variation of the amide segment length and its 
concentration in the polyester backbone has not been conducted so far. In this thesis, 
preformed monomers such as α,ω-diamines, α,ω-amino alcohols or α,ω-diols containing an 
in-built amide bond have been chosen so that random placement of the amide segments in 
the poly(butylene adipate) (PBA) backbone can take place. When α,ω-diols with one built-in 
amide bond (HO-(CH2)5-CO-NH-(CH2)x-OH; where x = 2 or 4) are condensed with dimethyl 
adipate and 1,4-butanediol, only single amide groups are placed randomly in the PBA 
backbone. When an α,ω-amino alcohol with a built-in amide bond (OH-(CH2)5-CO-NH-
(CH2)4-NH2) is condensed with the diol and diester, 2-adjacent amide (2-aA) groups are 
randomly placed in the polyester backbone. 3-Adjacent amide (3-aA) groups can be obtained 
if a preformed α,ω-diamine with a built-in amide group (H2N-(CH2)5-CO-NH-(CH2)4-NH2) is 
condensed with dimethyl adipate and 1,4-butanediol. Further, in each series, the 
concentration of these preformed monomers has been varied to generate PEAs with varying 
blocky content. The structure-property relationship of these PEAs was investigated in this 
chapter. The structural analysis of the synthesized PEAs was carried out by means of NMR. 
The thermal properties were determined by DSC and TGA whereas IR gave information 
about the morphology of the PEAs. The synthesis and characterization of the tailor-made 
monomers used in the PEA synthesis have been described in detail in chapter 2 of this 
thesis. 
 
Nomenclature of polymers described in this thesis: For the polymer 2-aA-(εClon/C4)-40%, 2-
aA stands for 2-adjacent amide, (εClon/C4) is the preformed monomer from which the 
polymer has been synthesized and hence forms the hard domains (from ε-caprolactone and 
1,4-diamine butane; see Scheme 3.1) and 40% stands for the theoretical amount of the 
amide segments in the synthesized PEA. For the three-adjacent amide and isolated amide 
series, the acronym 3-aA and 1-A have been used respectively.  
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Scheme 3.1: Schematic representation of preformed monomers used for the poly(ester 
amide) synthesis. 
 
 
3.2 Experimental 
 
3.2.1 Materials 
All reagents used were of synthesis grade and obtained from Aldrich (Germany). The 
solvents were obtained from Fluka (Germany) and used without further purification. 
Tailor-made monomers: α,ω-diols (HO-(CH2)5-CO-NH-(CH2)x-OH; where x = 2 or 4; 
monomers M2 and M3), α,ω-amino alcohol (OH-(CH2)5-CO-NH-(CH2)4-NH2; monomer M1) 
and α,ω-diamine (H2N-(CH2)5-CO-NH-(CH2)4-NH2; monomer M4) were prepared according to 
the procedure described in chapter 2 of this thesis. 
 
3.2.2 Synthesis of 2-aA-(εClon/C4)-40% 
α,ω-Amino alcohol OH-(CH2)5-CO-NH-(CH2)4-NH2, monomer M1 (10 g, 50 mmol), dimethyl 
adipate (21.75 g, 125 mmol) and 1,4-butanediol (6.75 g, 75 mmol) were placed in a reactor 
equipped with a mechanical stirrer. The reactor was evacuated and then purged with dry 
nitrogen (N2). This procedure was repeated 3 times to eliminate any air/oxygen in the 
system. Ti (IV) isopropoxide in isopropanol (1 % w/w) was then added under N2 flow. The 
amount of Ti (IV) isopropoxide was always 5 mg/g of dimethyl adipate. The reactor was 
slowly heated to 170 °C and the pressure reduced to  100 mbar over 5 hours. Isopropanol 
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and methanol were distilled off during this time. Then the precondensate was cooled to room 
temperature over night under N2 flow. Next day the reactor was slowly heated to 180 °C and 
the pressure reduced to 1 mbar. At this temperature, the polycondensation reaction was 
continued in vacuum (10-2 mbar) for 4 h. Afterwards the melt was taken out of the reactor, 
dissolved in chloroform and precipitated in diethyl ether. The polymer was filtered and dried 
at 50 °C in an oven. 
All polymers have been synthesized according to the method described above. Table 3.1 
summarizes the in-feed compositions of reactants used in the polymerization reactions. 
 
Table 3.1: Reactant composition for the synthesis of PEAs 
Series Polymer 
Monomer(a) 
g (mmol) 
DMA(b) 
g (mmol) 
1,4-BDO(c) 
g (mmol) 
Yield 
g 
 PBA  25 (143.6) 12.93 (143.6) 23.71 
3-aA-(εClam/C4)-10% M4 3 (15) 26.1 (150) 12.15 (135) 25.8 
3-aA-(εClam/C4)-25% M4 7.5 (37) 25.98 (149) 10.1 (112.2)  26.53 
3-aA-(εClam/C4)-40% M4 9.05 (45.03) 19.57 (112.4) 6.07 (67.44) 22.98 
3-
a
dja
ce
n
t-
a
m
id
e
 
gr
o
u
ps
 
3-aA-(εClam/C4)-50% M4 13 (64.9) 22.58 (129.8) 5.84 (64.9) 26.29 
2-aA-(εClon/C4)-10% M1 3 (14.8) 25.84 (148.5) 12.03 (133.6) 25.05 
2-aA-(εClon/C4)-25% M1 7 (34.6) 24.12 (138.6) 9.36 (104) 27.1 
2-aA-(εClon/C4)-40% M1 10 (50) 21.75 (125) 6.75 (75) 25.74 
2-aA-(εClon/C4)-50% M1 13 (64.3) 22.39 (128.7) 5.79 (64.3) 29.33 
2-
a
dja
ce
n
t-a
m
id
e
 
gr
o
u
ps
 
2-aA-(εClon/C4)-65% M1 15.07 (74.6) 19.96 (114.7) 3.61 (40.1) 24.7 
1-A-(εClon/C4)-25% M2 7.11 (35) 24.36 (140) 9.45 (105) 23.7 
1-A-(εClon/C4)-90% M2 20.3 (100) 19.33 (111) 1 (11) 29.11 
1-A-(εClon/C2)-10% M3 2.5 (14.3) 24.85 (142.8) 11.57 (128.5) 25.68 
1-A-(εClon/C2)-25% M3 6 (34.3) 23.86 (137.1) 9.26 (102.9) 26.3 
1-
iso
la
te
d 
am
id
e
 
gr
o
u
p 
1-A-(εClon/C2)-50% M3 12 (68.5) 23.86 (137) 6.17 (68.5) 24.3 
(a)
 preformed monomer M1-M4; (b) dimethyl adipate; (c) 1,4-butanediol 
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3.2.3 Methods 
Nuclear magnetic resonance: 1H and 13C NMR spectra were recorded on a Varian Mercury 
spectrometer at 300 MHz. Deuterated trichloromethane or trifluoro acetic acid was used as 
solvent and tetramethylsilane served as an internal standard. 
Differential scanning calorimetry: DSC was conducted on a Netzsch DSC 204 unit equipped 
with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply system). Indium was 
used as a calibration standard. Samples (typical weight, 5-7 mg) were enclosed in standard 
Netzsch 25 µL aluminum crucibles. Unless otherwise stated, all measurements were carried 
out at heating and cooling rates of 10 K/min from -75 to 300°C under a continuous nitrogen 
flow (50 mL/min). Three successive runs (heating-cooling-heating) were performed for each 
sample. Cooling and second heating runs have been shown, unless otherwise mentioned. 
Themogravimetric analysis: TGA was performed on 7-10 mg samples under a nitrogen 
atmosphere from room temperature to 800°C using Net zsch TG209 with a TA System 
Controller TASC 414/2. The heating rate was 10 °C/m in. 
Fourier transform infrared spectroscopy: FT-IR spectra were recorded on a Thermo Nicolet 
Nexus 470 spectrometer equipped with a MTEC photoacoustics model 200. The resolution 
was 8 cm-1 and 1000 scans were taken per spectrum. 
Size exclusion chromatography: SEC analyses were carried out at 30 °C using a hig h-
pressure liquid chromatography pump (Bischoff 2250) and a refractive index detector 
(Jasco). The eluting solvent was dimethylformamide (DMF) with 1.00 g/L LiBr and a flow rate 
of 1.0 mL/min. Four columns with PSS GRAM material were applied. The length of the pre-
column was 50 mm and the diameter 8mm. The remaining three columns had a length of 
300 mm, diameter of 8 mm, particle size of 10 µm, and the nominal pore widths were 100, 
1000 and 1000 Å. Calibration was achieved using narrow distributed poly(methyl 
methacrylate) standards. 
 
 
3.3 Results and discussion 
 
Aliphatic polyesters such as poly(ε-caprolactone) and polylactides are biodegradable but lack 
the physical and mechanical properties required for a broad range of applications. On the 
other hand, aliphatic polyamides are known for their thermal and mechanical stability, 
resistance to most solvents and fast rate of crystallization. However, polyamides have 
extremely slow degradation rates. Poly(ester amide)s are an interesting class of 
biodegradable polymers as they combine the mechanical stability of polyamides with 
biodegradability of polyesters. Depending on the placement of the amide groups in the 
polyester backbone, PEAs can be classified as random, alternating or segmented polymers. 
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Further, the properties of the poly(ester amide)s can be manipulated by placing one amide 
group respectively 2 or 3 consecutive amide groups randomly in the polyester backbone. 
This can be achieved by polymerizing preformed α,ω-diamines (H2N-(CH2)5-CO-NH-(CH2)4-
NH2), α,ω-amino alcohols (OH-(CH2)5-CO-NH-(CH2)4-NH2) or α,ω-diols (HO-(CH2)5-CO-NH-
(CH2)x-OH; x = 2 or 4) containing an built-in amide bond with 1,4-butanediol and dimethyl 
adipate. Exemplarily, a schematic representation of the reactants and the obtained 
segmented PEAs is given in Scheme 3.2. 
 
 
Scheme 3.2: General representation of the reactants and the obtained segmented poly(ester 
amide)s synthesized in this work (x = 2 or 4). 
 
The incorporation of the amide groups in the polyester backbone was achieved by replacing 
part of 1,4-butanediol with preformed α,ω-diamine (H2N-(CH2)5-CO-NH-(CH2)4-NH2; 
monomer M4), α,ω-amino alcohol (HO-(CH2)5-CO-NH-(CH2)4-NH2; monomer M1) or α,ω-diol 
(HO-(CH2)5-CO-NH-(CH2)x-OH; where x = 2 or 4; monomers M3 and M2). Different ratios of 
1,4-butanediol and the preformed monomers were condensed with dimethyl adipate to give a 
series of PEAs with varying amide content. Exemplarily, the polycondensation reaction for 
the 2-aA series of PEAs is shown in Scheme 3.3.  
 
1-A-(εClon/C2)-10% 
1-A-(εClon/C2)-25% 
1-A-(εClon/C2)-50% 
HO-(CH2)4-OH 
H3C-O-CO-(CH2)4-CO-O-CH3 
HO-(CH2)5-CO-NH-(CH2)x-OH 
H2N-(CH2)5-CO-NH-(CH2)4-NH2 
1-A-(εClon/C4)-25% 
1-A-(εClon/C4)-90% 2-aA-(εClon/C4)-40% 
2-aA-(εClon/C4)-65% 
2-aA-(εClon/C4)-50% 
2-aA-(εClon/C4)-25% 
2-aA-(εClon/C4)-10% 
3-aA-(εClam/C4)-10% 
3-aA-(εClam/C4)-25% 
3-aA-(εClam/C4)-40% 
3-aA-(εClam/C4)-50% 
+ 
+ + 
+ 
HO-(CH2)5-CO-NH-(CH2)4-NH2 
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Scheme 3.3: Synthesis of PEAs of the 2-aA series. (PAru and PEru stand for polyamide 
repeating unit and polyester repeating unit respectively).   
 
The polymers were synthesized by a 2-step melt polycondensation reaction. In the first step, 
trans-esterification takes place with formation of oligomers and release of methanol. During 
this process, a small amount of dimethyl adipate is removed by distillation causing an 
imbalance in the stoichiometry of the reactants. In the second step, polycondensation takes 
place and after 4 h reaction time the polymer is obtained. The molecular weight distribution, 
as determined by means of SEC, shows that most of the synthesized polymers have a 
molecular weight of 10500<Mw<43500. The molecular weight of the PEAs decreases as the 
amide content in the PBA backbone increases. The polydispersity index (PDI) is close to 2. 
The theoretical and experimentally obtained ratio of amide to ester units in the poly(ester 
amide)s and their molecular weight and polydispersity index are summarised in Table 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Poly(ester amide) 
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Table 3.2: Composition and molecular weights of synthesized polymers 
Polymer 
(m/n)th. 
(mol %) 
(m/n)exp.(a) 
(mol %)(b)
 
Mn 
(kDa)(c) 
Mw 
(kDa)(c) PDI
(c) 
Series 
PBA 0/100 0/100 17.7 34 1.93 
3-aA-(εClam/C4)-10% 10/90 10/90 17 32 1.89 
3-aA-(εClam/C4)-25% 25/75 23/77 11.5 23 2.01 
3-aA-(εClam/C4)-40% 40/60 41/59 n n  
3-adjacent-
amide 
series 
3-aA-(εClam/C4)-50% 50/50 50/50 n n  
2-aA-(εClon/C4)-10% 10/90 11/89 19 38 1.99 
2-aA-(εClon/C4)-25% 25/75 27/73 16.5 33.2 2.00 
2-aA-(εClon/C4)-40% 40/60 41/59 14.3 30 2.10 
2-aA-(εClon/C4)-50% 50/50 49/51 13 26.8 2.05 
2-adjacent-
amide 
series 
2-aA-(εClon/C4)-65% 65/35 63/37 0.75 14.8 1.98 
1-A-(εClon/C4)-25% 25/75 28/72 22.3 42 1.90 
1-A-(εClon/C4)-90% 90/10 65/35 20.7 43.5 2.09 
1-A-(εClon/C2)-10% 10/90 14/86 10.8 23 2.13 
1-A-(εClon/C2)-25% 25/75 28/72 0.77 15.4 1.99 
1-amide 
series 
1-A-(εClon/C2)-50% 50/50 48/52 0.60 10.5 1.80 
(a): m and n refer to the percentage of amide and ester repeating units in the PEA; see scheme 3.2; (b): determined 
by 1H-NMR measured in CDCl3 or TFA-d; (c): from SEC measured in DMF; Mn: number average molecular weight; 
Mw: weight average molecular weight; PDI: polydispersity index; n: insoluble in DMF 
 
The theoretical and experimental compositions of the synthesized PEAs are in good 
agreement, indicating that the polycondensation was successful. In the following sections, 
the structure-property relationship of the PEAs will be presented.  
 
 
3.3.1 Structural analysis of the poly(ester amide)s 
 
A representative 1H-NMR of 2-aA-(εClon/C4)-40% in CDCl3 is shown in Figure 3.1. The 
microstructure of the polymer was determined from the ratio of the integral intensities of the 
signal at δ = 3.2 (corresponding to the methylene groups, signal 11) and δ = 4.1 
(corresponding to the methylene groups, signals 3 and 5). The composition was confirmed 
by taking the ratio of the integral intensities of the signal at δ = 2.2 (corresponding to the 
methylene groups, signal 9) and δ = 2.3 (corresponding to the methylene groups, signal 1). 
All polymers show slight deviation from the intended composition due to the fact that in the 
initial phase of the trans-esterification, a small amount of dimethyl adipate is removed by 
distillation. 
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Figure 3.1: 1H- NMR of 2-aA-(εClon/C4)-40% in CDCl3 (# = CHCl3 signal; * : end groups). 
 
 
A closer look at the 13C NMR of 2-aA-(εClon/C4)-40% measured in TFA-d (Figure 3.2) 
revealed the presence of multiple and intense signals for the CO, CH2–O, CH2–NH and CH2–
CO carbons suggesting a random distribution of monomers in the polymer backbone.  
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Figure 3.2: 13C- NMR of 2-aA-(εClon/C4)-40% in TFA-d. 
 
 
Signals near δ = 178 ppm (CO groups) appear split due to neighbouring group effects. The 
assignments of the sequences are summarised in Table 3.3. Based on the neighbouring 
group effects, although 4 NMR signals are expected for the region at δ = 65 ppm (attributed 
to the CH2–O moiety), 3 distinct signals and a shoulder are observed. For the region at δ = 
41 ppm (attributed to the CH2–NH group), a main peak (δ = 41.08 ppm) with a shoulder (δ = 
41.22 ppm) are seen. The region attributed to CH2–CO carbons (around 33 ppm) shows 3 
distinct peaks. All PEAs belonging to the 3-aA and 2-aA series show similar NMR spectra. 
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Table 3.3: 13C- NMR assignments and chemical shifts of 2-aA-(εClon/C4)-40% measured in 
TFA-d. 
Sequence 
Chemical 
displacement (ppm) 
Number in the 
polymer chain 
-(CH2)4-NH-CO-(CH2)5-O- 178.88 8 
-(CH2)4-NH-CO-(CH2)4-CO- 178.49 8 
-(CH2)4-O-CO-(CH2)4-CO- 177.80 3 
-(CH2)5-O-CO-(CH2)4-CO- 177.39 3 
-NH-CO-(CH2)4-CH2-O-CO-(CH2)4-CO-NH- 65.48 13 
-O-(CH2)3-CH2-O-CO-(CH2)4-CO-NH- 65.35 13 
-O-(CH2)3-CH2-O-CO-(CH2)4-CO-O- 65.29 4 
-NH-CO-(CH2)4-CH2-O-CO-(CH2)4-CO-O- 65.11 13 
-NH-(CH2)3-CH2-NH-CO-(CH2)4-CO- 41.22 7 
-NH-(CH2)3-CH2-NH-CO-(CH2)5-O- 41.08 7 
-CO-(CH2)3-CH2-CO-O-(CH2)4-O- 33.08 2 
-CO-(CH2)3-CH2-CO-O-(CH2)5-CO-NH- 33.08 2 
-NH-CO-CH2-(CH2)4-O-CO-(CH2)4-CO-NH- 32.64 9 
-NH-CO-CH2-(CH2)4-O-CO-(CH2)4-CO-O- 32.64 9 
-NH-CO-CH2-(CH2)3-CO-O-(CH2)5-CO- 32.48 9 
-NH-CO-CH2-(CH2)3-CO-O-(CH2)4-O- 32.48 9 
 
It has been shown in literature that during the synthesis of poly(ester amide)s side reactions 
can take place. These side reactions can be the alcoholysis of the amide bond, leading to the 
generation of a free –NH2 group and a new ester linkage86 and the generation of macrocyclic 
structures.99 However, no evidence in this respect was found and it can be concluded that 
the synthesized polymers have three or two adjacent amide groups randomly placed in the 
polyester backbone. 
 
During the polycondensation using an α,ω-diol with a built-in amide group (HO-εClon/C2-OH, 
M3), low molecular weight polymers were obtained (6000<Mn<10800). The molecular weight 
decreased as the amide content increased. Even when the polycondensation time was 
increased from 4 to 6 h, the molecular weight did not increase significantly. The 1H and 13C 
NMR spectra of 1-A-(εClon/C2)-50% are shown in Figure 3.3a and 3.3b respectively.  
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Figure 3.3a: 1H NMR analysis of 1-A-(εClon/C2)-50% in CDCl3 (#: CHCl3; §: end groups). 
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Figure 3.3b: 13C NMR analysis of 1-A-(εClon/C2)-50% in CDCl3. 
 
 
Analysis of the 13C NMR spectra reveals the presence of multiple and intense signals for the 
CO, CH2–O, CH2–NH and CH2–CO carbons suggesting a random distribution of monomers 
in the polymer backbone. As in the case for the 2-aA and 3-aA poly(ester amide)s, 
neighbouring group effects are responsible for the splitting of NMR signals. The proposed 
sequences with their chemical shifts are summarized in Table 3.4. 
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Table 3.4: 13C- NMR assignments and chemical shifts of 1-A-(εClon/C2)-50% measured in 
CDCl3 
Sequence 
Chemical 
displacement (ppm) 
Number in the 
polymer chain 
-CO-(CH2)4-CO-O-(CH2)2-NH- 173.43 15 
-CO-(CH2)5-O-CO-(CH2)4-CO-O-(CH2)2-NH-CO- 173.37 16 
-CO-(CH2)4-CO-O-(CH2)4-O- 173.27 3 
-CO-(CH2)5-O-CO-(CH2)4-CO-O- 173.21 3 
-CO-(CH2)4-O-CO-(CH2)4-CO-O-(CH2)2-NH-CO- 173.14 16 
-CO-O-(CH2)2-NH-CO-(CH2)5-O- 172.96 11 
-(CH2)4-CH2-O-CO-(CH2)4-CO-O-(CH2)2-NH-CO- 64.19 6 
-(CH2)4-CH2-O-CO-(CH2)4-CO-O-(CH2)4-CO-O- 64.11 6 
-O-(CH2)3-CH2-O-CO-(CH2)4-CO-O-(CH2)2-NH- 63.86 4 
-O-(CH2)3-CH2-O-CO-(CH2)4-CO-O- 63.77 4 
-CO-NH-CH2-(CH2)-O-CO-(CH2)4-CO- 63.27 14 
-O-CH2-CH2-NH-CO-(CH2)5- 38.61 13 
-NH-CO-CH2-(CH2)4-O- 36.32 10 
-CO-(CH2)3-CH2-CO-O-(CH2)4-O- 33.79 2 
-CO-(CH2)3-CH2-CO-O-(CH2)2-NH-CO- 33.71 18 
-CO-(CH2)3-CH2-CO-O-(CH2)5-CO-NH- 33.65 17 
 
 
3.3.2 Evaluation of the thermal properties of the poly(ester amide)s 
 
3.3.2.1 Thermal stability of the poly(ester amide)s 
The thermal stability of the poly(ester amide)s was analysed using thermogravimetric 
analysis. The samples were heated at 10 K/min under nitrogen flow. All polymers show a 
single step degradation pattern. The onset of degradation of all polymers was above 300 °C. 
This is more than 100 °C higher than the melting te mperatures of the polymers and important 
for the processing of these materials. The stability of all PEAs is higher than that of PBA. The 
TGA traces for 3-adjacent amide, 2-adjacent amide and 1-amide series are shown in Figure 
3.4a, 3.4b and 3.4c respectively. 
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Figure 3.4: TGA of PEAs containing (a) three adjacent amide groups and (b) two adjacent 
amide groups. 
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Figure 3.4c: TGA of PEAs containing isolated amide groups. 
 
 
3.3.2.2 Crystallization and melting behaviour of the poly(ester amide)s   
 
The 3-adjacent amide series 
The thermal properties of the synthesized polymers were evaluated by differential scanning 
calorimetry. Cooling and second heating scans for the 3-aA-(εClam/C4) series are shown in 
Figure 3.5a and 3.5b respectively and the thermal properties are summarized in Table 3.5. 
For comparison purposes, thermal properties of PBA have been included. With increasing 
amide content, an increase in the crystallization (Tc) and melting temperature (Tm) as well as 
the glass transition temperature (Tg) of the 3-aA PEAs are expected. 
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Figure 3.5: DSC of 3-aA series of poly(ester amide)s: (a) cooling scan and (b) second 
heating scan (performed at a cooling and heating rate of 10 K/min). 
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Table 3.5: Thermal properties of 3-aA series of PEAs 
Polymer 
Td(a) 
(°C) 
Tg 
(°C) 
Tm 
(°C) 
∆Hm 
(J/g) 
Tc 
(°C) 
∆Hc 
(J/g) 
PBA 340.9 n(b) 58.1 48.14 26.7 -53.76 
3-aA-(εClam/C4)-10% 378.0 -55.7 28.8(c), 57.6 22.22 -0.2, 38.1(c) -26.58 
3-aA-(εClam/C4)-25% 380.7 -50.2 154.0 6.92 122.0 -5.34 
3-aA-(εClam/C4)-40% 350.1 -36.5 171.3 19.69 142.7 -16.56 
3-aA-(εClam/C4)-50% 364.0 -13.1 183.5 24.77 148.4 -27.08 
(a): onset of decomposition as measured by TGA; n(b): not observed; (c): italics stand for the shoulder/smaller peak 
in the heating or cooling scan 
 
 
For all polymer compositions, only one Tg is seen indicating the presence of a homogeneous 
amorphous phase. The amorphous amide and ester phases are compatible. An increase in 
the Tg with increasing amide content can be attributed to a higher concentration of H-bonds 
and an increase in intermolecular interactions and a decrease of free volume which causes a 
decreased mobility of the polymer chains. A detailed discussion will follow in the section of 
Fox plots. 
The crystallization temperature (Tc; Figure 3.5a) and the enthalpy (∆Hc; Table 3.5) increases 
with increasing amide content. However, the crystallization behaviour of 3-aA-(εClam/C4)-
10% is an exception to the fore mentioned generalization. At low concentration of amide 
groups (10 mol% amide repeating units), the semi-crystalline ester segments crystallize 
predominantly. The main Tc of 3-aA-(εClam/C4)-10% at -0.2 °C is much lower as compared 
to the homopolyester PBA (Tc = 26.7 °C). The crystallizing pattern observed for  3-aA-
(εClam/C4)-10% can be explained on the basis of the melting point depression theory of 
Flory100 which explains that the incorporation of a unit unable to enter the crystal lattice for 
the main crystal depresses the melting point of the polymer. Addition of the amide groups 
disrupts the crystallizing pattern of PBA and therefore the crystalline content first decreases 
and only after a certain concentration of the amide groups, increases again. 
The shape of the melting endotherms (Figure 3.5b) becomes broad with increasing amide 
content. A shoulder just before the main melting endotherm is observed for 3-aA-(εClam/C4)-
40% and 3-aA-(εClam/C4)-50%. It is well known in the case of nylons that small imperfect 
crystals melt and the crystal rearrangement to a more stable lamellar organization takes 
place. Broadness in melting endotherms is due to the presence of different lamellar sizes 
and compositions. Except for 3-aA-(εClam/C4)-10%, all other polymer compositions exhibit 
only one melting and crystallization peak indicating the presence of one predominant 
crystalline phase.  
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Plots of Tc and Tm versus the amide segment content are shown in Figure 3.6a and 3.6b 
respectively.  
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Figure 3.6:Transition temperature (▀) and enthalpies (▲) as a function of the amide segment 
content for the 3-aA series of PEAs: (a) Tc and ∆Hc (b) Tm and ∆Hm. 
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The increase in Tm is non linear which indicates that random co-crystallization of amide and 
ester units does not take place (Figure 3.6b). Goodman and Vachon6 supposed that in case 
of random co-crystallization, the replacement of the ester groups with amide (and hence, an 
increasing amide content) would lead to a formation of a H-bonding system, thereby leading 
to a gradual increase in the Tm.  
The enthalpy of crystallization (Figure 3.6a) and melting (Figure 3.6b) are high at low amide 
content (10 mol%), show a minima at 25 mol% and then gradually increase with increasing 
amide content. At low amide content, the crystal structure of the polymer can be assumed to 
be predominantly that of PBA crystal. At 25 mol% amide segment content, there is a 
transition from the PBA crystal type to nylon-6,6 crystal type and hence minima in the 
enthalpies is seen. With further increase in the amide content, the ester segments form the 
soft amorphous domains. The lamellar thickness of the crystallites arising from the hard 
domains increases and this leads to an increase in the crystallization and melting 
temperature and their enthalpies.  
It can be, therefore, concluded that the presence of 3 adjacent amide groups in the polymer 
backbone gives rise to a long amide containing segment which can self organise to form the 
crystalline phase (for 3-aA PEAs with 25 mol% and above amide segment content). The 
ester groups consequently form the amorphous phase. 
 
 
The 2-adjacent amide series  
The cooling and second heating scans of 2-aA-(εClon/C4) series of PEAs are represented in 
Figure 3.7a and b respectively and the thermal properties are summarized in Table 3.6. As in 
the case of 3-adjacent amide series, an increase in the Tg and melting and crystallization 
temperatures is expected with increasing amide content.  
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Figure 3.7: DSC of 2-aA series of poly(ester amide)s: (a) cooling scan and (b) second 
heating scan (performed at a cooling and heating rate of 10 K/min). 
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Table 3.6: Thermal properties of the 2-aA series of poly(ester amides) measured at a heating 
and cooling rate of 10 K/min. 
Polymer 
Td(a) 
(°C) 
Tg 
(°C) 
Tm 
(°C) 
∆Hm 
(J/g) 
Tc 
(°C) 
∆Hc 
(J/g) 
PBA 340.9 n(b) 58.1 48.14 26.7 -53.76 
2-aA-(εClon/C4)-10% 346.7 -54.6 56.1 37.25 1.5, 30.3(c) -39.56 
2-aA-(εClon/C4)-25% 358.4 -49.2 85.8 25.18 62.6 -20.8 
2-aA-(εClon/C4)-40% 374.7 -40.5 98.0 30.49 73.2 -25.81 
2-aA-(εClon/C4)-50% 373 -30.6 83.3(c), 120.3 39.04 79.4(c), 91.2 -31.93 
2-aA-(εClon/C4)-65% 334.4 1.3 91.4(c), 145.4, 36.6 86.9(c), 112 -34.59 
(a): onset of decomposition as measured by TGA; n(b): not observed; (c): italics stand for the shoulder/smaller peak 
in the heating or cooling scan 
 
For all polymer compositions, only one Tg is seen which indicates the presence of a single 
amorphous phase. The Tg increases with increasing amide content which is due to the 
formation of hydrogen bonds, increased intermolecular interactions and decreased mobility 
of polymer chains. Further discussions are given in the section of Fox plots in this chapter. 
As shown in Table 3.6, with the addition of the amide groups to PBA, the enthalpies of 
crystallization and melting decrease gradually upto 25 mol% amide content and then 
increase again with decreasing ester content. A minimum in the enthalpies at an amide 
content of 25 mol% corresponds to a transition from one type of crystal to another type. It 
can be assumed that at high ester content, PBA crystallizes predominantly and that the 
crystal structure changes to that resembling nylon-6,6 at higher amide groups concentration. 
Therefore, in the case of 2-aA-(εClon/C4)-10%, only the ester segments crystallize as the 
amide segments stay in the amorphous phase. This is also verified by solid-state NMR 
analyses.101 The depression in the crystallization temperatures for this polymer composition 
can be explained using the melting point depression theory of Flory100. The incorporation of 
the amide segments disrupts the crystallizing order of the PBA lattice which results in the 
depression of the crystallization temperature. 
In contrast to the 3-adjacent amide PEAs, the series of 2-adjacent amide PEAs show 
multiple peaks in the cooling and heating scans. The main peaks are reported in Table 3.6. 
In order to elucidate the crystallization pattern of the 2-aA series of PEAs, cooling and 
heating runs were performed at different rates to separate the multiple peaks seen in Figure 
3.7. Exemplarily, cooling scan of the 2-aA PEAs performed at a very low rate of 1 K/min is 
shown in Figure 3.8 and the data is summarized in Table 3.7.  
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Figure 3.8: DSC cooling scan of 2-aA series poly(ester amides) performed at a cooling rate 
of 1 K/min 
 
 
Table 3.7: Crystallization properties of the 2-aA series of PEAs measured at a cooling rate of 
1 K/min. 
Polymer 
Tc,low 
(°C) 
∆Hc,low 
(J/g) 
Tc,high 
(°C) 
∆Hc,high 
(J/g) 
2-aA-(εClon/C4)-25% 71.3 -10.72 85.4 -1.67 
2-aA-(εClon/C4)-40% 80.3 -14.82 102.5 -3.41 
2-aA-(εClon/C4)-50% 84.0 -12.93 114.2 -4.26 
2-aA-(εClon/C4)-65% 87.0 -4.37 123.8, 130.9(c) -21.84 
(c): italics stand for the shoulder/smaller peak in the heating or cooling scan 
 
Figure 3.8 clearly shows that separation of peaks takes place for all polymers belonging to 
the 2-aA series, contrasting Figure 3.7a, where 2-aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-
40% show a single crystallization exotherm. The existence of two separate peaks points 
toward the presence of two distinct crystalline phases or towards the presence of differently 
sized lamellas of one crystalline phase.  
If there are differently sized lamellas of one crystalline phase, then annealing at different 
temperatures would diminish the imperfect and smaller crystals and only one 
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melting/crystallization peak should be attained. To check this, annealing experiments at 
different temperatures and heating and cooling rates were performed. However, the lower 
melting endotherm or the crystallization exotherm (Figure 3.7) could not be eliminated, 
implying the presence of 2 distinct crystalline phases. 
In Figure 3.8, the cooling scans for 2-aA PEAs reveals the presence of 2 peaks- the peak 
appearing at lower temperature is Tc,low and Tc,high corresponds to the peak appearing at 
higher temperature. With an increasing amide content, Tc,low shifts from 71 °C for 2-aA-
(εClon/C4)-25% to 87 °C for 2-aA-( εClon/C4)-65%. However, Tc,high shifts dramatically from 85 
°C to 130 °C for the same polymer compositions. Thi s shows that Tc,low is almost independent 
of the polymer composition and Tc,high is dependent on the content of the amide groups.  
It can be further assumed that the two distinct crystalline phases arise from the crystallization 
of amide and ester groups separately. The homopolyester PBA crystallizes at 25 °C. 
However, no crystallization exotherm is observed in this temperature range for the polymers 
2-aA-(εClon/C4)-25% to 2-aA-(εClon/C4)-65%. This implies that no pure ester crystals formed 
in these polymers. The origin of multiple crystallites in segmented PEAs has been 
investigated by Lips et al.84 and they have shown that ester-amide sequences can co-
crystallize from the melt. The co-crystallization of ester-amide sequences can take place in 
such a way that either crystals containing single ester-amide (EA) sequence or crystals 
containing two or more ester-amide sequences can be formed. The lower crystallization 
temperature (Tc,low) can be attributed to the formation of crystals containing a single ester-
amide sequence and the higher crystallization temperature (Tc,high) belongs to the crystal 
where 2 or more ester-amide sequences exist.  
At low amide content (2-aA-(εClon/C4)-25%), the probability of forming single EA sequences 
is high. However a crystalline phase containing 2 or more EA sequences can also be formed. 
As the amide content increases, the formation of the hard domains is facilitated by the 
increased interchain interaction via hydrogen bonding. Self organization of the polymer chain 
segments leads to an enhanced probability of finding 2 or more EA sequences in the hard 
domain. As shown in Figure 3.9, the enthalpy of Tc,low decreases with increasing amide 
content and consequently, the enthalpy associated with Tc,high increases dramatically. In the 
case of 2-aA-(εClon/C4)-65%, Tc,high splits into 2 peaks. This can be attributed to the 
presence of different lamellar sizes or to the presence of more than 2 EA sequences. 
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Figure 3.9: Variation of the enthalpies of crystallization with increasing amide content in the 
2-aA series of PEAs, measured at a cooling rate of 1 K/min. 
 
A schematic representation of the crystallization pattern for 2-aA series of PEAs showing the 
presence of single EA and 2 or more EA sequences is shown in Scheme 3.3.  
 
 
Scheme 3.3: Model of morphology for 2-aA series of PEAs. (A): amorphous part; (B): single 
ester-amide (EA) sequences and (C): 2 or more EA sequences. 
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Further evidence for the co-crystallization of the ester and amide segments comes from 
plotting the crystallization and melting temperatures against the amide content, as shown in 
Figure 3.10a and 3.10b respectively.  
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Figure 3.10a: Transition temperature (▀) and enthalpy (▲) as a function of the amide 
segment content for the 2-aA series of PEAs: (a) Tc and ∆Hc (DSC measurements performed 
at a rate of 10 K/min). 
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Figure 3.10b: Transition temperature (▀) and enthalpy (▲) as a function of the amide 
segment content for the 2-aA series of PEAs: (b) Tm and ∆Hm (DSC measurements 
performed at a rate of 10 K/min).  
 
In contrast to the 3-adjacent amide series poly(ester amide)s, a good linear fit is obtained for 
the increase in crystallization temperatures with increasing amide content (Figure 3.10a). 
The same is true for the melting temperatures (Figure 3.10b). This indicates that co-
crystallization of amide and ester segments do take place. The formation of a H-bonding 
system would lead to a gradual increase in the Tm.6 Further evidence of co-crystallization of 
amide and ester segments is obtained from solid-state NMR analyses.101 
  
 
The isolated-amide group series  
The cooling and second heating scans for 1-A series of PEAs are represented in Figure 3.11; 
data summarized in Table 3.8. It can be expected that the random placement of amide 
groups in the polyester backbone leads to lower melting and crystallization temperature than 
the segmented polymers. 
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Figure 3.11: DSC of isolated amide group series of poly(ester amide)s: (a) cooling scan (b) 
second heating scan (performed at a cooling and heating rate of 10 K/min). 
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Table 3.8: Thermal properties of the 1-A series of poly(ester amides) 
Polymer 
Td(a) 
(°C) 
Tg 
(°C) 
Tm 
(°C) 
∆Hm 
(J/g) 
Tc 
(°C) 
∆Hc 
(J/g) 
1-A-(εClon/C4)-25% 380.5 n(b) 39.2 44.53 13.2 -43.64 
1-A-(εClon/C4)-90% 374.5 -20.5 56.9(c), 69.3 28.94 18.5 -26.19 
1-A-(εClon/C2)-10% 385.8 -62.7 48.5 60.93 21.2 -63.59 
1-A-(εClon/C2)-25% 389.4 -49.9 56.01 37.0 6.6 -56.93 
1-A-(εClon/C2)-50% 373.3 -47.9     
(a): onset of decomposition as measured by TGA; n(b): not observed; (c): italics stand for the shoulder/smaller peak 
in the heating or cooling scan 
 
In contrast to the 3- and 2-adjacent amide series, all the polymers except 1-A-(εClon/C4)-
90% have lower melting and crystallization temperatures compared to PBA and show mainly 
one peak in the heating and cooling scans. The polymer series with C2 units shows a 
depression of melting and crystallization temperatures along with their corresponding 
enthalpies with increasing amide content. In the case of 1-A-(εClon/C2)-50%, only a Tg is 
observed, implying the polymer is amorphous. A single Tg is measured for all polymers 
indicating the presence of a homogeneous amorphous phase. In the 1-A series of PEAs with 
C2 units, the amide groups do not crystallize and form part of the amorphous phase. This can 
account for an increase in the Tg with higher amide content.  
Since no peaks at high temperatures (65 °C or above ) are observed for the 1-A series of 
PEAs (except for polymer 1-A-(εClon/C4)-90%), it can be concluded that mainly the ester 
groups form the crystalline phase. The amide containing segments are small in length and it 
is difficult for them to organize themselves to form the crystalline phase. Therefore, the 
amide groups form the amorphous phase. 
In the case of polymers with C4 units, only at very high amide content polymer 1-A-
(εClon/C4)-90% shows 2 melting endotherms. The higher Tm (69 °C) is above that for PBA 
homopolymer (58 °C). At such high amide content, th ere is a possibility of formation of single 
EA units. The EA sequence crystallizes to give the higher Tm and the lower Tm at 57 °C 
arises from the PBA crystals. Some of the amide groups that do not participate in the 
crystalline phase are miscible in the amorphous phase and account for a higher Tg value (-
20.5 °C). 
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3.2.3 Comparison of the melting and crystallization behaviour of poly(ester amide)s with 
isolated amide groups, two and three adjacent amide groups containing 30 mol% amide 
groups 
 
Polymers containing the same mol% of amide groups are compared on the basis of their 
thermal properties. The polymers 3-aA-(εClam/C4)-25%, 2-aA-(εClon/C4)-40% and 1-A-
(εClon/C4)-90% contain 30 mol% amide groups. The DSC cooling and second heating scans 
(performed at 10 K/min) are shown in Figure 3.12. 
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Figure 3.12a: DSC cooling scan of PEAs containing 30 mol% amide content performed at a 
cooling rate of 10 K/min.  
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Figure 3.12b: DSC second heating scan of PEAs containing 30 mol% amide content 
performed at a heating rate of 10 K/min. 
 
The crystallization temperature increases from 18 to 122 °C as the number of adjacent amide 
groups increases from 1 to 3. Similar trend is also observed for the melting endotherms.  
In the case of 1-A-(εClon/C4)-90%, both the ester rich domains as well as the EA sequences 
crystallize. Hence the melting temperature is comparable to that of the homopolyester PBA. 
For 2-aA-(εClon/C4)-40%, single EA sequences as well as 2 or more EA sequences can 
crystallize. Thus having 2-adjacent amide groups shifts the melting temperature from 69 °C 
for 1-A-(εClon/C4)-90% to 98 °C for 2-aA-( εClon/C4)-40%. Moving to 3-aA-(εClam/C4)-25%, a 
shift in the crystal structure from PBA to a nylon 6,6 type takes place. Here only the amide 
groups form the crystalline phase and the ester groups form the soft domains. From these 
results, we can conclude that even though all the polymers compared have the same amide 
content, the type of crystalline phase and the length of the amide segment determines the 
thermal properties of these poly(ester amide)s (Scheme 3.4). 
The Tgs of the compared PEAs show an opposite trend as that for the melting and/or 
crystallization temperatures. The Tgs decrease with increasing amide segment length (Tgs of 
1-A-(εClon/C4)-90%, 2-aA-(εClon/C4)-40% and 3-aA-(εClam/C4)-25% are -20.5 °C, -40.5 °C 
and -50.5 °C respectively). For 1-A-( εClon/C4)-90%, the concentration of amide groups 
dissolved in the amorphous phase is high and thus the chain mobility is decreased. As the 
amide segment length increases from 1 to 3, the amount of uncrystallized amide groups in 
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the amorphous domain decreases and therefore, the chain mobility increases, leading to a 
decrease in the Tgs. 
 
 
Scheme 3.4: Representative sketch of the crystalline phases present in a) one-isolated 
amide, b) two adjacent amide and c) three adjacent amide series of PEAs containing same 
amount of amide groups. PBA stands for the homopolyester crystalline phase, EA is the 
ester-amide crystalline phase and Am is for the amide rich crystalline phase. 
 
 
PEAs with different microstructures (random versus segmented) can be compared on the 
basis of their thermal properties. The second heating and cooling scan for a random 
microstructured PEA, named as PEA-C, is shown in Figure 3.13. PEA-C type has 44 mol% 
amide content (as determined by NMR) and was produced by polymerizing ε-caprolactam 
with adipic acid and 1,4-butanediol in a one-pot synthesis.17  PEAs with random 
microstructure have populations corresponding to mixtures of isolated, two adjacent and 
three or more adjacent amide groups. This can be clearly seen in the broad melting 
endotherm of PEA-C which extends from approximately 20 °C to 150 °C. A smaller melting 
peak at 56 °C corresponds to the melting of the cry stalline ester segments. Although PEA-C 
type has higher amide content than 1-A-(εClon/C4)-90%, 2-aA-(εClon/C4)-40% and 3-aA-
(εClam/C4)-25%, differences between a random (Figure 3.13) and segmented microstructure 
(Figure 3.5 and 3.7) can be clearly seen. 
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Figure 3.13: DSC scan (heating and cooling rate of 10 K/min) of random microstructured 
PEA-C type. 
 
 
3.2.4 Dependence of the glass transition temperature on the composition of the copolymer 
 
The Fox equation102 relates the dependence of the Tg on the composition of the copolymer. 
In its simplified form, the Fox equation is written as: 
 
 
 
 
For a copolymer, w1 and w2 refer to the weight fractions of the two components and Tg1 and 
Tg2 refer to the glass transition temperatures of the two corresponding homopolymers and the 
resulting glass transition temperature at that composition is Tg. This equation is also 
considered an ‘ideal’ volume additivity equation for the Tg of compatible blends.  
The Fox plots are shown in Figures 3.14a and 3.14b for the polymers with 3- and 2-adjacent 
amide groups respectively.  
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Figure 3.14: Fox plot for the (a) three-adjacent amide series and (b) two-adjacent amide 
series of poly(ester amide)s. 
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Literature values of the glass transition temperatures of homopolymers PBA84 and nylon-6,6 
have been plotted as well. Since it was not possible to synthesize a polymer containing 100 
mol% of HO-εClon/C4-NH2 (M1), the Tg of nylon-6,6 has been considered. The measured 
glass transition temperatures (from DSC) of the synthesized polymers have been plotted. 
Both series of polymers show a positive deviation from the ‘ideal’ behaviour for all 
compositions. Positive deviation from volume additivity is known for many polymer blends 
such as PMMA/PVF2103 and poly(2,2´-bis(3,4-dicarboxyphenoxy)phenylpropane-2-
phenylene bisimide)/poly(2,2´-(m-phenylene)-5,5´-bibenzimidazole)104 to cite a few. Factors 
such as hydrogen-bond formation and charge-transfer interchain complexation between 
electron-donor and electron-acceptor side groups lead to significant positive deviation from 
volume additivity.105,106 
The miscibility of the copolymers is influenced not only by the energy driven interactions 
between the hetero-contacts but also due to the associated conformational rearrangements 
and correspondingly their free-volume. Chain orientation due to the hetero-interchain 
interaction is responsible for inter-chain stiffening, accompanied by an increase in the Tg. The 
stronger the hetero-interchain interaction, the more likely it is that there will be an orientation 
effect. It is assumed that segment alignment by the hetero-interchain interaction contributes 
to a reduction of the available free volume and consequently to a decrease of the mobility in 
the polymer. Strength of the interacting contacts and the molecular weights of the 
components are responsible for this effect. As a consequence, an increase of the Tg 
temperature of the copolymers will be observed as the interaction between the components 
becomes stronger. This explains the observed order for positive deviation for hydrogen 
bonded and charge-transfer interaction.   
For the 2- and 3-adjacent amide series of polymers, strong hydrogen bonding between the 
chains is responsible for the observed positive deviation. 
 
 
3.3.3 Characterization of the poly(ester amide)s by means of FT-IR 
 
Infra-red spectroscopy was used to characterize the poly(ester amide) samples. Information 
about the morphology and crystalline structure can be elucidated from the characteristic IR 
peaks. IR spectra for the polymer series containing 3-adjacent amide groups are shown in 
Figures 3.15a and 3.15b, 2-adjacent amide groups in Figures 3.16a and 3.16b and isolated-
amide group in Figures 3.17a and 3.17b for the wavenumber regions 3600 to 2700 cm-1 and 
1800 to 500 cm-1 respectively. 
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Figure 3.15: FT-IR spectra for the 3-aA polymer series for the wavenumber region (a) 3600-
2700 cm-1 and (b)1800-600 cm-1 recorded at room temperature. 
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Figure 3.16: FT-IR spectra for the 2-aA polymer series for the wavenumber region (a) 3600-
2700 cm-1 and (b)1800-600 cm-1 recorded at room temperature. 
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Figure 3.17: FT-IR spectra for the isolated amide group polymer series for the wavenumber 
region (a) 3600-2700 cm-1 and (b) 1800-600 cm-1 recorded at room temperature. 
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All polymers show characteristic IR peaks at ~1730 cm-1 (ν CO ester), 1640 cm-1 (Amide I, ν 
CO) and ~1545 cm-1 (Amide II, ν CN + CO-NH bend) indicating that both ester and amide 
bonds are present in the polymer backbone. Presence of strong hydrogen bonding is also 
seen in the IR spectra with peaks at ~3400 cm-1 (ν O-H H-bonded) and 3340 cm-1 (ν N-H H-
bonded). Weaker bands at 1475 cm-1 (NH vicinal CH2 bend), ~1417 cm-1 (CO vicinal CH2 
bend), ~1265 cm-1 (Amide III), ~690 cm-1 (Amide V) and ~580 cm-1 (Amide VI) reveal that the 
PEAs crystallize in the α-form found in nylon 6,6. Although the tailor-made monomers show 
the presence of both α and γ-forms107, the polymers on the other hand, preferentially 
crystallize in the α-form. 
 
Quantification of the hydrogen-bonding in the poly(ester amide)s 
 
Many researchers have proven the presence of hydrogen bonds in polyamides (between NH 
and CO groups of the amide bond) and poly(ester amide)s (between NH groups of the amide 
and CO groups of the amide and ester bond) using FT-IR spectroscopy.19,66,89,90 Thus 
incorporation of the amide groups can lead to the formation of intramolecular and 
intermolecular H-bonding between the ester and amide groups. 
IR bands in the region 3300-3450 cm-1 (NH
 
stretching vibrations), 1740-1700 cm-1 (carbonyl 
ester stretching vibrations) and 1675-1630 cm-1 (Amide I) reveal information about the 
hydrogen bonding in the ordered or disordered state. Table 3.9 summarizes these 
assignments. 
 
 
Table 3.9: FT-IR bands assignment 
IR band assignment Wavenumber (cm-1) 
Free NH group 3445-3200 
Amide-ester H-bonded NH group 3385-3382 
Amide-amide H-bonded NH group 3305-3300 
Free CO ester group (ordered) 1740-1735 
Free CO amide group (disordered) 1675-1670 
H-bonded CO amide group (disordered) 1650-1638 
H-bonded CO amide group (ordered) 1635-1630 
 
 
 
 
Chapter 3 
 
 - 85 -  
Peak fitting (using the software OriginLab) was performed on these IR regions. An example 
of peak fitting is shown in Figure 3.18. The peaks were normalised for quantitative analysis.  
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Figure 3.18: Deconvolution of the FT-IR spectrum for 3-aA-(εClam/C4)-10% in the range 
1800 to 1550 cm-1. 
 
 
3-Adjacent amide series of poly(ester amide)s 
The results of the curve fitting in the IR region 1740-1600 cm-1 for the 3-aA-(εClam/C4) series 
of PEAs are summarised in Table 3.10. 
 
Table 3.10: Curve fitting analysis for the 3-aA PEAs for the wavenumber region 1740-
1600 cm -1 
Free CO ester Free CO amide 
H-bonded  
CO amide 
Polymer 
Waveno. 
(cm-1) Aest/Atot 
Waveno. 
(cm-1) Afa/Atot 
Waveno. 
(cm-1) Aba/Atot 
3-aA-(εClam/C4)-10% 1735 59.14 1673 27.15 1639 13.70 
3-aA-(εClam/C4)-25% 1735 49.93 1670 18.23 1639 31.83 
3-aA-(εClam/C4)-50% 1735 44.77 1670 13.25 1639 41.97 
Aest is the peak area attributed to free CO ester groups; Afa is the peak area attributed to free CO amide groups; 
Aba is the peak area attributed to H-bonded CO amide groups;  Atot = Aest + Afa + Aba  
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In the case of 3-aA-(εClam/C4)-10%, the amide content is low and most of the ester and 
amide carbonyl groups are in the free, unbonded state. A small percentage (~13%) of the 
total area comes from the hydrogen-bonded amide carbonyl peak. For all polymers of the 3-
adjacent amide series, free ester carbonyl peaks are in the ordered state (1735 cm-1) and 
those of free carbonyl amide in the disordered state (~1670 cm-1). As the amide content 
increases, more and more the carbonyl amide groups are hydrogen-bonded (in the 
disordered state) and the amount of free carbonyl amide group decreases. 
As shown in Table 3.9, the IR bands in the region ~3440, ~3390 and ~3305 cm-1 are of 
interest. The quantitative analysis from the deconvolution of these bands is summarized in 
Table 3.11. 
 
Table 3.11: Curve fitting analysis for the 3-aA PEAs for the wavenumber region 3500-
3200 cm -1 
Free NH 
H-bonded 
amide-ester 
H-bonded 
amide-amide 
Polymer 
Waveno. 
(cm-1) Afree/Atot 
Waveno. 
(cm-1) Aae/Atot 
Waveno. 
(cm-1) Aaa/Atot 
3-aA-(εClam/C4)-10% 3444 7.7 3386 20.81 3305 71.47 
3-aA-(εClam/C4)-25% 3444 2.96 3382 18.62 3301 78.41 
3-aA-(εClam/C4)-50% 3448 1.51 3382 17.68 3301 80.80 
Afree is the peak attributed to free NH groups; Aea is the peak attributed to amide-ester H-bonded groups; Aaa is the 
peak attributed to amide-amide H-bonded groups; Atot = Afree + Aae + Aaa 
 
With an increase in the amide segment content from 10 to 50%, an increase in the area 
associated with hydrogen bonded amide-amide band is observed. A decrease in the 
hydrogen-bonded amide-ester band is also observed implying that having 3 amide linkages 
adjacent to each other leads to an increase in the amide-amide hydrogen bonding. The 
number of free NH groups correspondingly decreases with increasing amide content.  
The amide II band (~1540 cm-1) remains symmetrical for all compositions and can not be 
deconvoluted.  
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2-Adjacent amide series of the poly(ester amide) 
Curve fitting was also carried out for the 2-adjacent amide series. The results of the curve 
fitting for the IR region 1800-1500 cm-1 are given in Table 3.12.  
 
Table 3.12: Curve fitting analysis for the 2-aA PEAs for the wavenumber region 1740-
1600 cm -1 
Free CO ester Free CO amide 
H-bonded  
CO amide 
Polymer 
Waveno. 
(cm-1) Aest/Atot 
Waveno. 
(cm-1) Afa/Atot 
Waveno. 
(cm-1) Aba/Atot 
2-aA-(εClon/C4)-25% 1735 53.94 1673 32.77 1635 13.28 
2-aA-(εClon/C4)-40% 1735 51.49 1673 21.27 1635 27.23 
2-aA-(εClon/C4)-50% 1735 45.75 1673 16.44 1635 37.79 
2-aA-(εClon/C4)-65% 1731   43.64 1673 15.81 1635 40.54 
Aest is the peak area attributed to free CO ester groups; Afa is the peak area attributed to free CO amide groups; 
Aba is the peak area attributed to H-bonded CO amide groups;  Atot = Aest + Afa + Aba 
 
As expected, with an increase in the amide content, the amount of free ester and free amide 
groups decreases and that associated to hydrogen-bonded carbonyl amide group increases. 
The free ester groups are in the ordered state and the free amide groups are in the 
disordered state, comparable to the 3-adjacent amide series. The appearance of the IR band 
at 1635 cm-1 (Amide I) is associated to the hydrogen-bonded CO amide group in the ordered 
state. In the case of 3-adjacent amide series, the amide I peak was centred at ~1640 cm-1 
which belongs to the hydrogen-bonded CO amide group in the disordered state. 
Curve fitting for the 2-aA-(εClon/C4) series was carried out in the IR region 3500-3200 cm-1 
(Table 3.13). In contrast to the 3-aA series, where the amount of hydrogen-bonded amide-
amide groups increases with increasing amide segment content, the ratio of the peaks at 
~3386 cm-1 and ~3301 cm-1 remains almost the same. The amount of hydrogen bonded 
amide-ester and hydrogen bonded amide-amide areas do not change dramatically with an 
increasing amount of the hard segment content. However, a decrease in the free NH groups 
is observed with increasing amide content.  
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Table 3.13: Curve fitting analysis for the 2-aA PEAs for the wavenumber region 3500-
3200 cm -1 
Free NH 
H-bonded 
amide-ester 
H-bonded 
amide-amide 
Polymer 
Waveno. 
(cm-1) Afree/Atot 
Waveno. 
(cm-1) Aae/Atot 
Waveno. 
(cm-1) Aaa/Atot 
2-aA-(εClon/C4)-25% 3448 3.97 3386 18.28 3301 77.73 
2-aA-(εClon/C4)-40% 3448 1.87 3386 19.62 3301 78.50 
2-aA-(εClon/C4)-50% 3448 1.38 3386 18.41 3301 80.19 
2-aA-(εClon/C4)-65% 3452 1.26 3382 19.23 3301 79.50 
Afree is the peak attributed to free NH groups; Aea is the peak attributed to amide-ester H-bonded groups; Aaa is the 
peak attributed to amide-amide H-bonded groups;  Atot = Afree + Aae + Aaa  
 
The amide II band, centred at ~1540 cm-1 is symmetrical and cannot be deconvulated.  
 
 
3.4 Conclusions 
 
High molecular weight segmented poly(ester amides) with varying amide segment lengths 
have been successfully synthesized by melt polycondensation of preformed α,ω-diamines, 
α,ω-amino alcohols or α,ω-diols, containing an amide bond, with dimethyl adipate and 1,4-
butanediol. These segmented polymers have a microphase separated structure with amide 
rich hard domains and soft domains composed mainly of ester groups. NMR analyses show 
the random distribution of the preformed amide segments in the polyester backbone. The 
polymers show melt transitions in the range of 40 °C to 183 °C and glass transition 
temperatures from -62 °C to 1.3 °C.  
For the 3-aA series, only the amide segments form the crystalline hard domains where as in 
the 2-aA series, both ester and amide groups co-crystallize. The crystalline phase consists of 
either single ester-amide sequence or 2 or more ester-amide sequences. In the case of the 
1-A series, the ester groups crystallize predominantly. Therefore, the crystalline structure of a 
PEA is dependent on the type and concentration of the preformed monomer used.  
IR analyses reveal that the polymers crystallise in an α-crystalline phase similar to that found 
in nylon-6,6 even though the tailor made monomers crystallize in either α- or γ-crystalline 
phases. Thus, properties of the PEAs can be influenced by the incorporation of preformed 
amide containing segments in the PBA backbone. These properties can be tuned to meet 
specific requirements in numerous biomedical applications. 
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 Chapter 4 
 
Morphology of poly(ester amide)s containing two 
adjacent amide groups randomly placed along the 
polyester backbone 
 
 
4.1 Introduction 
 
Poly(ester amide)s (PEA)s have gained much interest in the past years as biodegradable 
polymers for use in biomedical1,2 and environmental3,4 applications. These polymers combine 
the favourable properties of polyester (hydrolytic degradability) and polyamide (high 
mechanical strength). Further, by varying the ratio of ester to amide groups, the physico-
chemical properties of PEAs can be tuned in such a way that they show high degradation 
rate and/or good mechanical stability. Depending on the synthetic route and the monomers 
used, the microstructure of the PEAs can be varied to give random1,5-9, alternating10-14 or 
blocky15-19 copolymers. Self organisation of the polymer chain segments in blocky 
(segmented) PEAs leads to the formation of hard and soft domains. Above a certain amide 
concentration, the hard domains comprise of amide containing segments that have high 
melting point, can crystallize quickly from the melt and have the ability to form thermo-
reversible physical crosslinks and hence, contribute to the mechanical stability of the 
polymer. The soft domains are built up from ester groups that have a low glass transition 
temperature (Tg) and in case of semi-crystalline ester segments, low melting points. 
In spite of the numerous synthetic pathways described in the literature for obtaining semi-
crystalline aliphatic segmented PEAs, the properties and morphology of blocky PEAs, where 
there are always two adjacent amide groups placed randomly in the polyester backbone, 
have received limited attention.15,20,21 These PEAs have an enormous potential as 
biomaterials since the degradation products are water soluble and hence, no crystalline 
remnants are left behind after degradation.22  
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The degradation behaviour as well as the mechanical and thermal properties of such 
multiphase polymeric materials are determined by their microscopic structure not only in 
terms of chemical structure and heterogeneity of the chain dynamics but also by the spatial 
arrangement of the polymer chains in a given morphology. Traditionally, a two-phase model 
composed of a rigid and a mobile, amorphous phase is used to describe the morphology of 
semi-crystalline materials. However, very often, the morphology of the material is much more 
complex and the existence of an interface between the two phases was reported.23,24 In the 
last decades, the importance of such interfacial region has received particular attention as it 
affects not only the thermal but also the mechanical properties of the material.25,26 Therefore, 
detailed knowledge of the microscopic properties in terms of crystallinity degree, phase 
composition, chain dynamics, and domain sizes are needed in order to tailor the 
macroscopic properties of the material properly.  
A number of experimental techniques can be used to characterize the microdomain structure 
of multiphase polymers at molecular level. They include, for example, transmission electron 
microscopy (TEM), small-angle X-ray scattering (SAXS), fluorescence spectroscopy, and 
solid state NMR spectroscopy. Among the available techniques, the solid state NMR became 
an extremely powerful and useful analytical tool for such characterizations in the last few 
decades. The power of this technique lies in its ability to obtain various kind of information by 
simply combining different NMR techniques. In particular, it can probe the microphase 
separation and extract domain thickness with the help of spin-diffusion experiments. These 
type of experiments in which the proton magnetisation is selectively suppressed in one of the 
phases with the help of dipolar filters27-30 and then allowed to re-equilibrate due to a dipolar 
mediated flip-flop process were successfully applied to various type of systems including 
polyolefins24 , nylon fibres29,30, block copolymers29-32, but also much more complex systems 
such as confined biomolecules.33 Generally, the estimated domain sizes by the proton spin-
diffusion agree very well with those estimated by X-ray.24 
In the case of PEAs, Serrano et el. applied various 13C solid state NMR techniques for 
studying the morphology of alternating PEAs.34 They showed that the length of the spacer 
has a significant impact on the molecular dynamics. Moreover, a two domain structure 
composed of amorphous and crystalline regions has been identified for such systems. 
Furthermore, Aharoni and co-workers used solid state NMR under magic angle spinning 
(MAS) conditions for the structural characterization of liquid crystalline poly(ester 
amide)s.35,36 They showed that the methylene groups between the amide linkages are in 
trans conformation while the ester methylene groups exhibit both gauche and trans 
conformation depending on the length of the spacer group. Moreover, a lamellar structure 
was assigned to the studied polymer systems.  
Chapter 4 
 
- 97 - 
Generally, 13C solid state NMR represents a powerful technique for the characterization of 
the multiphase polymer systems but the main disadvantages are related to the increased 
experimental time due to the low 13C sensitivity and to the non-quantitative cross polarization 
(CP) transfer. In spite of these disadvantages, valuable information regarding the functional 
groups comprising crystalline and amorphous phases can be obtained by performing 
experiments under magic angle spinning (MAS) conditions. 
On the other hand, proton NMR became in the last decades a very important and reliable 
tool for the characterization of multiphase polymer systems, even of those systems exhibiting 
complex morphologies, in the case where sufficient mobility exists in order to discriminate 
between the various phases.24,29,30 These type of measurements take advantage of the full 
sample polarisation, and therefore, dramatically reduced measuring time, and of simplicity in 
performing them without the need of expensive and complicated probebodies.  
Here, a combination of various techniques such as tapping mode atomic force microscopy 
(AFM), proton and 13C solid state NMR, differential scanning calorimetry (DSC) and wide 
angle x-ray diffraction (WAXD) have been applied so as to investigate the morphology of 
aliphatic segmented PEAs containing two adjacent amide groups with varying amide to ester 
ratio. Special attention has been laid to calculating the domain sizes of various phases with 
the aim of establishing a correlation between the microscopic and macroscopic properties, 
which is necessary for understanding the mechanical and degradation behaviour of these 
samples. 
 
 
4.2 Experimental 
 
4.2.1 Materials 
2-adjacent amide series of poly(ester amide)s with varying ratios of amide to ester groups 
were prepared by a 2-step polycondensation as described in Chapter 3 of this thesis. Nylon-
6,6 pellets were kindly provided by BASF AG, Ludwigshafen, Germany. All solvents were 
obtained from Fluka, Germany and used as received. Silicon wafer was obtained from 
CrysTec GmbH, Germany. Nitrogen (Technical grade, Air Products) was dried over silica gel 
and 0.4 nm molecular sieves. 
 
4.2.2 Methods 
Solid-state nuclear magnetic resonance: Proton NMR measurements have been performed 
using a Bruker DSX-200 spectrometer working at a frequency of 200.12 MHz for protons. A 
dedicated solid-state probe body without background was used for the wideline, double-
quantum build-up curves, and spin-diffusion measurements. The data were collected for 
Morphology of two-adjacent amide series of poly(ester amide)s 
 
- 98 - 
static samples at room temperature. The duration of 90° pulse was 1.5 µs and a recycle 
delay of 2 s was used for all experiments. The experimental wideline spectra were 
decomposed in three components using the Bruker Winfit program. The broad component of 
the spectra could be well approximated by Gaussian function while the narrow line was fitted 
with a Lorentzian function. A combination of the two functions was employed for the 
component with intermediate mobility.  
Proton double quantum (DQ) build-up curves and the spin-diffusion experiments were 
recorded using the five-pulse sequence shown in Figure 4.1. In the case of the build-up 
curves the excitation/reconversion times were varied in the range of 2-500 µs with a fixed 
spin-diffusion time of 5 µs. For the spin diffusion experiments an excitation/reconversion time 
τ of 7 µs was used in order to mainly select the magnetisation from the rigid phase. The 
evolution time of the DQ coherences (tDQ) was 5 µs in all experiments. 
 
 
Figure 4.1: a) General scheme for a spin-diffusion experiment using a multiple quantum (MQ) 
dipolar filter. b) Pulse sequence used for the spin-diffusion experiments with a DQ dipolar 
filter. The first two pulses excite the double-quantum coherences that evolve for a short time 
tDQ. Next, these coherences are converted by the following two pulses into z-magnetization. 
Spin diffusion takes place during the time interval t. The fifth pulse reads out the distribution 
of magnetization between different polymer components. 
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The 13C CP-MAS (cross polarised magic angle spinning) and SP-MAS (single pulse magic 
angle spinning) experiments were performed on a Bruker DSX 500 MHz spectrometer 
operating at 125.84 and 500.44 MHz for 13C and 1H, respectively using a 4 mm probe body. 
The measurements were performed using a spinning rate of 5 kHz in order to minimize 
spinning sideband overlap. The various pulse sequences used in this work are shown in 
Figure 4.2(a-c). 
 
 
 
  
Figure 4.2: Pulse sequences used for 13C NMR measurements: a) cross polarisation (CP) 
and b) CP with a dephasing delay before the cross-polarisation time. 
CP DD 
time 
90°
 
1H 
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Figure 4.2: 2D WISE pulse sequence used for 13C NMR measurements. 
 
 
Differential scanning calorimetry: DSC was conducted on a Netzsch DSC 204 unit equipped 
with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply system). Indium was 
used as a calibration standard. Samples (typical weight, 5-7 mg) were enclosed in standard 
Netzsch 25 µL aluminum crucibles. Unless otherwise stated, all measurement was carried 
out at heating and cooling rate of 10 K/min from -75 to 300°C under a continuous nitrogen 
flow (50 mL/min). Three successive runs (heating-cooling-heating) were performed for each 
sample. The second heating and cooling scans have been reported. 
Melt press foils: Melt pressed foils were prepared by placing 1.3 g of the polymer between 2 
circular aluminium sheets. The aluminium sheets were then placed between the heating 
plates of LOT-Oriel melt press machine. The temperature was slowly raised from room 
temperature to at least 10 degrees above the melting point of the polymer as measured by 
DSC using the temperature controller LOT-Specac. The polymer melt was kept for 5 minutes 
at that temperature and then a pressure of 0.5 T was applied on the system. This was 
maintained for further 5 minutes. The pressure was then released and the polymer allowed to 
cool to room temperature. The thickness of the foils prepared in this way was 250 ± 20 µm. 
Wide angle x-ray diffraction: WAXD spectra were recorded using melt pressed foils on 
Philips X’pert Pro powder diffractometer. Experiments were performed at room temperature 
using x-ray tube settings of 45 kV and 40 mA. A Ni-filter was used to obtain CuKα radiation of 
1.5406 Å. A primary fixed divergence slit of 1/8 ° and primary and secondary Soller (0.04 rad) 
were used to limit the axial divergence. The detector was X’celerator with a step size of 
0.008 ° and a counting time of 50 s/step. The data were collected in the range of 2θ = 2.5 -
 75 °. The peak position at angles of 2 θ correspond to interplanar d-spacings according to 
Bragg’s law :  
CP DD 
time 
90°
 
1H 
CP 
time 
13C 
c) 
t1 
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θ
λ
sin2
nd =
   (Eq. 4.1) 
with n as an integer and λ is the applied wavelength (1.5406 Å). 
Atomic Force Microscopy: AFM was performed with a Nanoscope III microscope (Digital 
Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were carried out 
with Si cantilevers from Nanosensors (Weltzlar, Germany) with a spring constant of approx. 
50 N/m and at a tapping frequency around 350 kHz. Images were edited with Nanoscope 
software (v5.12r5 Digital Instruments, Veeco, Santa Barbara, US). Height and phase images 
were recorded at various magnifications.  
AFM was performed on thin films of the polymer on silicon wafers. Exemplarily, a solution of 
the polymer 2-aA-(εClon/C4)-65% in HCOOH (5 mg/mL) was spin coated on an ozone 
activated silicon substrate. The substrate was then heated to 200 °C on a Mettler Toledo hot 
stage FP82HT equipped with a FP90 central processor. The molten film was annealed for 5 
min at 200 °C and cooled to room temperature at 5 ° C/min.  
Optical microscopy: Optical microscopy was performed using a Zeiss Axioplan 2 imaging 
microscope equipped with a camera (AxioCam MRc from Zeiss). The samples were heated 
using a Mettler Toledo hot stage FP82HT equipped with a FP90 central processor. Samples 
were placed in between two glass slides and molten to 200 °C, annealed for 5 min and 
cooled to room temperature at 5 °C/min. Crystalliza tion pattern was observed using crossed 
polarizers and a magnification of 20x. 
 
 
4.3 Results and Discussion 
 
Poly(ester amide)s containing 2-adjacent amide groups were prepared by a two-step 
polycondensation reaction of dimethyl adipate, 1,4-butanediol and a preformed α,ω-amino 
alcohol as described previously in Chapter 3 of this thesis. A schematic representation of the 
reaction is shown in Scheme 4.1. 
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Scheme 4.1: Synthesis of 2-adjacent amide series of PEAs synthesized by the 
polycondensation of preformed α,ω-amino alcohol, 1,4-butanediol and dimethyl adipate. By 
varying the ratio of the preformed monomer to 1,4-butanediol, PEAs with varying amide 
content were obtained. PAru stands for polyamide repeating unit and PEru stands for 
polyester repeating unit. 
 
 
The resulting 2-adjacent amide (2-aA) series of segmented PEAs had varying amide content 
from 10 % to 65 %. The PEAs, along with the homopolyester PBA, were subjected to 
different analytical techniques in order to elucidate their crystallization behaviour and 
morphology. Thermal analysis, AFM and X-ray diffraction were carried out to investigate both 
the structure and morphology of the polymeric materials. In addition, solid-state NMR 
experiments gave information about the phase composition and domain sizes of the rigid, 
interphase and mobile components of the polymers and about the functional groups 
participating in the crystalline and amorphous phases. 
 
 
4.3.1 Characterization using AFM and optical microscopy 
AFM is becoming an increasing popular technique for visualising the microphase structure of 
segmented polymers and it is being used as an alternative to transmission electron 
microscopy (TEM).37,38 The morphology of segmented polyurethanes37-39 and other block 
copolymers40-42 has been elucidated using the technique of AFM. In order to investigate the 
morphology and the effect of decreasing amide content of the 2-adjacent amide series of 
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poly(ester amide)s, optical microscopy and AFM were performed on melt crystallized 
samples. 
 
2-aA-(εClon/C4)-65%: The optical microscopy and AFM images for the PEA sample 
containing 65% amide segment content are shown in Figure 4.3.  
 
 
 
 
Figure 4.3: a) Micrograph (taken at room temperature using crossed polarizers) of melt 
crystallized 2-aA-(εClon/C4)-65% sample. 
a) 
50 µm 
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Figure 4.3: AFM image of melt crystallized 2-aA-(εClon/C4)-65% taken at room temperature: 
height image (left) and phase image (right). 
 
 
The optical microscopy image (Figure 4.3a) clearly shows the presence of spherulites, which 
can be attributed to the high amide content in the polymer. Spherulites are formed when the 
crystalline lamellae aggregate into spherical stacks or clusters. Further, spherulitic structure 
is characteristic of crystallization in an environment free from stress, including both 
mechanical stress from agitation and thermal stress from strong temperature gradients. The 
characterization of spherulites is based on their nature of birefringence which is detected by 
means of crossed polarizers in the light path of an optical microscope.43 The crystals of 2-aA-
(εClon/C4)-65% PEA are birefringent by virtue of the anisotropy resulting from the alignment 
of the H-bonds. The space between the crystallites is filled with the amorphous phase. 
The surface morphology of microphase-separated 2-aA-(εClon/C4)-65% PEA was imaged 
using tapping-mode AFM (Figure 4.3b). In the phase image, the hard and soft domains 
appear as light and dark regions respectively. Oriented crystallites having long ribbon-like 
structures with thicknesses of a few nanometers and lengths of several micrometers were 
observed. The crystallites, therefore, display high aspect ratios. Further, these ribbons, which 
are formed by the frequent chain-folding of the amide segments, are well dispersed and form 
interconnected structures which are embedded in the amorphous matrix. Thus this polymer 
shows a lamellar morphology. This lamellar (1D) morphology will be used to evaluate the 
b) 
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spin-diffusion coefficients and consequently, the domain sizes of various phases in the 
section dealing with 1H solid state NMR. 
 
2-aA-(εClon/C4)-50%: Polymer 2-aA-(εClon/C4)-50% has less amide content than 2-aA-
(εClon/C4)-65% and is expected to show lower crystalline ordering compared to 2-aA-
(εClon/C4)-65%. The optical micrograph and AFM images are shown in Figure 4.4. 
 
 
 
Figure 4.4: a) Micrograph (taken at room temperature using crossed polarizers) of melt 
crystallized 2-aA-(εClon/C4)-50% sample. 
a) 
50 µm 
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Figure 4.4: AFM image of melt crystallized 2-aA-(εClon/C4)-50% taken at room temperature: 
height image (left) and phase image (right). 
 
 
As expected, the optical microscopy image (Figure 4.4a) reveals the presence of a crystalline 
phase that is less ordered than 2-aA-(εClon/C4)-65%. Although some small sized spherulites 
are observed, the overall crystallization pattern has a different morphology when compared 
to 2-aA-(εClon/C4)-65%. 
More information can be extracted from the height image of the AFM micrograph (Figure 
4.4b) than from the phase image. Here again, a microphase separated morphology is clearly 
seen. The hard thread-like domains (lighter regions) are randomly dispersed in a continuous 
soft domain (darker regions).  
 
2-aA-(εClon/C4)-25%: Amongst the polymers investigated by AFM and optical microscopy, 2-
aA-(εClon/C4)-25% has the lowest amide segment content. This polymer also has the most 
amorphous content (as determined from DSC measurements).44 Due to its low crystallinity, 
no crystallization pattern was observed under the optical microscope. The AFM image of a 
melt crystallized film of 2-aA-(εClon/C4)-25% is shown in Figure 4.5.  
b) 
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Figure 4.4: AFM image of melt crystallized 2-aA-(εClon/C4)-25% taken at room temperature: 
height image (left) and phase image (right). 
 
 
The height image of the AFM micrograph shows a microphase separated morphology. The 
hard domains (lighter regions) are observed as having a thread like shape and are randomly 
dispersed in the soft domain matrix (darker regions). As 2-aA-(εClon/C4)-25% has the lowest 
crystalline content, the hard domains have a larger average inter domain spacing.  
 
 
4.3.2 1H Solid-state NMR analyses 
 
Introduction: NMR spectroscopy has emerged as an important analytical method for the 
characterization of polymers and other materials, both in solution and in the solid state. NMR 
in the solid state is an important technique being highly sensitive to the chemical 
environment of nuclei and local changes thereof.45,46 The polymer chains are not mobile 
enough to average the local interactions, so the chemical shifts can provide important 
conformational information. Therefore, NMR is capable of resolving chemical structure and 
composition of the polymers. Further, it is possible to address several issues on the dynamic 
behaviour of crystalline and amorphous phases, including the relative domain 
dimensions.47,48 
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4.3.2.1 Phase composition from 1H NMR 
Exemplarily, a proton NMR spectrum of 2-aA-(εClon/C4)-25% is shown in Figure 4.5. The 
experimental wide-line spectra were decomposed into 3 components using the Bruker Winfit 
program. The broad component of the spectra could be well approximated by a Gaussian 
function while the narrow line was fitted with a Lorentzian function. A combination of the 
Gaussian and Lorentzian functions was employed for the component with intermediate 
mobility. Variation of these 3 different phases with increasing amide segment content is 
shown in Figure 4.6 and the corresponding line widths of the decomposed proton spectra are 
given in Table 4.1. With increasing amide content, a corresponding increase in the rigid 
phase content is expected.  
 
 
                
Figure 4.5: Proton NMR spectrum of 2-aA-(εClon/C4)-25% decomposed into 3 components. 
The broad and narrow lines correspond to the crystalline and amorphous components and 
the intermediate line corresponds to the interface. The measurements were performed at 
room temperature. 
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Table 4.1: Line width for the crystalline, amorphous and interphase components derived from 
decomposing the proton NMR spectrum as shown in Figure 4.5 
Line width (kHz) 
Polymer  
Rigid phase Interphase Mobile phase 
PBA 51.42 11.50 1.4 
2-aA-(εClon/C4)-10% 48.80 14.16 1.3 
2-aA-(εClon/C4)-25% 51.06 17.80 1.5 
2-aA-(εClon/C4)-40% 48.20 10.80 1.9 
2-aA-(εClon/C4)-50% 45.66 10.40 1.7 
2-aA-(εClon/C4)-65% 46.43 9.50 1.8 
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Figure 4.6: Variation of the phase composition with increasing amide content in 2-aA-
(εClon/C4) polymer series. 
 
PBA homopolymer has a high crystalline (rigid) content and the sequential addition of amide 
containing segments decreases the crystallinity of the PEAs till a minimum is observed for 
the polymer 2-aA-(εClon/C4)-25% (Figure 4.6). For the PBA homopolymer and 2-aA-
(εClon/C4)-10%, it can be well assumed that the ester groups crystallize predominantly. As 
the amide content increases further in the PEAs (polymer 2-aA-(εClon/C4)-40% to 2-aA-
(εClon/C4)-65%), an increase in the rigid phase content and hence, a decrease in the mobile 
phase content is seen. This dip in the rigid phase content for the polymer 2-aA-(εClon/C4)-
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25% signifies a transition from one crystal type to another. Therefore, PBA and 2-aA-
(εClon/C4)-10% show a different morphology as compared to PEAs with preformed amide 
segment content of 25% and above. 
A similar trend, as seen in the phase composition of the PEAs, is also observed for the 
thermal properties. The thermal properties, as measured by DSC analyses, are summarized 
in Table 4.2. The enthalpy of crystallization and melting decreases with the addition of amide 
groups in the PBA backbone and a minimum is observed at 25% preformed amide segment 
content. The crystallinity of the PEAs increases as the amount of 2-adjacent amide groups 
increases from 25% to 65%. A detailed discussion concerning the thermal properties of these 
polymers is given elsewhere.44 
 
Table 4.2: Thermal properties of the 2-aA series of poly(ester amides) measured at heating 
and cooling rates of 10 K/min 
Polymer 
Tg 
(°C) 
Tm 
(°C) 
∆Hm 
(J/g) 
Tc 
(°C) 
∆Hc 
(J/g) 
PBA n 58.1 48.14 26.7 -53.76 
2-aA-(εClon/C4)-10% -54.6 56.1 37.25 1.5, 30.3 -39.56 
2-aA-(εClon/C4)-25% -49.2 85.8 25.18 62.6 -20.8 
2-aA-(εClon/C4)-40% -40.5 98.0 30.49 73.2 -25.81 
2-aA-(εClon/C4)-50% -30.6 83.3, 120.3 39.04 79.4, 91.2 -31.93 
2-aA-(εClon/C4)-65% 1.3 91.4, 145.4, 36.6 86.9, 112 -34.59 
n: not observed; Tm and Tc written in italics represent the shoulder/smaller peak. 
 
 
4.3.2.2 Spin diffusion 
Introduction: Properties of semi-crystalline polymers are determined by the existence of 
heterogeneities on different length and time scales. Macroscopic properties of the polymers 
can be correlated to their morphology such as domain sizes and interfaces between different 
phases. Analytical tools such as atomic force microscopy (AFM) and transmission electron 
microscopy (TEM) have been used extensively to visualise the morphology of the polymers. 
However, NMR in the solid-state can provide information about the domain sizes and the 
morphology.27,49-51 
Information about the morphology and domain sizes (long range structure) of the polymers is 
obtained by measuring the magnetization exchange after production of a z-magnetisation 
gradient by a dipolar filter.27,52-54 These spin diffusion experiments are suitable for 
investigating different aspects of structural inhomogeneities in a broad range of spatial 
dimensions ranging from 0.01 nm to 200 nm. 
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The experimental set up for carrying out a spin diffusion experiment is shown in Scheme 4.2. 
A model system with alternating A and B domains is considered. Initially, the magnetization 
is homogeneous in the entire system. A gradient of magnetization is then created. 
Differences in the chemical structure or in the local molecular mobility can be used to select 
the proton magnetization in one component (domain A) and to suppress the nuclear 
magnetization in the other (domain B).27,52 As a result the magnetization of one of the 
components is filtered out and that of the second component is kept. The magnetization is 
then allowed to re-equilibrate by flowing from the source (in this case domain A) to the sink 
(domain B) through the process of spin diffusion. The distribution of magnetization can be 
followed by recording NMR spectra at different time intervals and mixing times (tm). The rate 
of spin diffusion can be measured either from the decrease of the source signal intensity or 
the increase in the sink signal intensity as a function of time after the polarization gradient 
has been applied. The time dependence of the signal intensities is dependent on the 
morphology of the polymer and the domain sizes. 
 
 
Scheme 4.2: Schematic representation of the spin diffusion process for a 2-component 
system. After the selection period, the NMR spectrum shows only the signals corresponding 
to the component A. With increasing mixing time, the magnetization transfer from A to B until 
an equilibrium is reached. 
 
 
In order to generate a gradient of magnetization, dipolar filters which select mainly the signal 
from domains with high molecular mobility (such as MAPE53 or Goldman-Shen28) or which 
mainly select signals from domains with high rigid phase (multiple quantum coherences55-58) 
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have been employed. By appropriate selection of excitation/reconversion periods of the 
multiple quantum coherences, the magnetization of the domains with stronger dipolar 
couplings in a heterogeneous sample will go through the filter where as that of the weaker 
dipolar couplings will be filtered out. 
Double quantum (DQ) filter, shown in Figure 4.1, has been employed in this study. The filter 
excites double quantum coherences55,56 and selects mainly the magnetization of the rigid 
phase. The value of tDQ has been maintained at 5 µs and the value of τ corresponds to a 
value before the maximum of the DQ built up curve. 
Normalized DQ built up curves for 2-aA series of PEAs with varying amide content (25% to 
65%) are shown in Figure 4.7. The maximum was found for excitation/reconversion times of 
approximately 14 µs and corresponds to the rigid part of the blocky PEAs. The maximum of 
the curves appears at very short excitation times indicating the presence of strong 1H dipolar 
interactions.  
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Figure 4.7: Proton DQ built up curves for 2-aA PEA series with varying amide content (25% 
to 65%) obtained using the five-pulse sequence shown in Figure 4.1. The maximum 
corresponds to the residual dipolar couplings of the rigid phase. 
 
Efficiency of the double quantum dipolar filter: At small excitation times, the filter selects the 
magnetization mainly from the rigid phase. At longer excitation times, the magnetization from 
the interface and the mobile phases can be selected as the double quantum dipolar filter 
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starts to act as a T2 filter. In all three situations, the dipolar filter shows high efficiency in 
selecting the magnetization from different regions. Exemplarily, the efficiency of the double 
quantum dipolar filter for the polymer 2-aA-(εClon/C4)-65% is shown in Figure 4.8.  
 
 
 
Figure 4.8: DQ filtered 1H NMR spectra at varying excitation/reconversion times measured 
using the 5-pulse sequence of Figure 4.1.  
 
The 1H wide-line NMR spectra for varying excitation/reconversion times (τ) of 7, 17 and 
200 µs have been illustrated. For very small values of the excitation/reconversion time, the 
DQ filter selects only the magnetization of the rigid phase. At τ = 7 µs, the filter efficiency is 
close to unity with reasonable signal to noise ratio. The 1H NMR spectrum at τ = 7 µs has a 
doublet lineshape due to presence of strong dipolar interactions in the rigid phase. At an 
intermediate value of τ = 17 µs, the resolution of the doublet lineshape decreases due to an 
increase in the size of the proton dipolar network. As the excitation/reconversion time 
increases (200 µs), the DQ filter selects mainly the magnetization of the mobile phase. At 
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longer values of τ, the single quantum coherences from the rigid and interface phases decay 
nearly to zero during the free evolution periods in the 5-pulse sequence (Figure 4.1) 
employed for the spin diffusion experiments. 
Thus by varying the excitation/reconversion times, the DQ dipolar filter can select the 
magnetization from different phases and molecular mobilities in the polymer. The use of this 
type of dipolar filter leads to a better evaluation of the integral intensities corresponding to 
different components due to more accurate detection of narrow signals on the top of a broad 
component compared to the detection of a broad component under a narrow signal.29  
 
Proton spin diffusivities: In order to estimate the domain sizes of the rigid, interface and 
mobile phases in the 2-aA series of PEAs, the spin diffusion coefficients have to be first 
evaluated. These coefficients can be evaluated based on the fact that to a good 
approximation, the NMR lineshapes of the rigid and mobile phases can be approximated to a 
Gaussian and Lorentzian function respectively and the interface is a combination of the two 
functions. An approach for calculating the spin diffusion coefficients has been successfully 
demonstrated by Demco et al.53 and the equations used for calculating the same are: 
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where 2r  is the mean square distance between the nearest spins, α is the cut off 
parameter of the Lorentzian line and 2/1ν∆ is the full line width at half height. The estimated 
spin diffusion coefficients for the 2-aA series PEAs are given in Table 4.3.  
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Table 4.3: 1H spin diffusion coefficients estimated by using equation 4.2 
Spin diffusion coefficients (nm2/ms) 
Polymer 
Rigid phase Interface Mobile phase 
PBA 0.16 0.14 0.12 
2-aA-(εClon/C4)-10% 0.29 0.16 0.041 
2-aA-(εClon/C4)-25% 0.31 0.17 0.036 
2-aA-(εClon/C4)-40% 0.29 0.16 0.044 
2-aA-(εClon/C4)-50% 0.27 0.15 0.039 
2-aA-(εClon/C4)-65% 0.28 0.16 0.037 
 
 
Domain sizes: 1H spectra obtained using the DQ dipolar filter (Figure 4.1) at varying diffusion 
times td for the polymer 2-aA-(εClon/C4)-65% are shown in Figure 4.9. Decomposition of the 
proton spectra corresponding to different diffusion times was made into three components.  
 
 
Figure 4.9: DQ filtered 1H NMR spectra at varying diffusion times measured using the 5-pulse 
sequence of Figure 4.1. 
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The time dependent integral spin diffusion intensities for 2-aA-(εClon/C4)-65% are depicted in 
Figure 4.10. In order to estimate the domain sizes, fitting of the decay and build up curves 
was carried out. The curves could be fitted by calculating the integral intensities 
corresponding to each domain and using an analytical solution of spin diffusion equations as 
given by Buda et al.29 The program used for fitting the experimental data assumes the spin 
diffusion process takes place in a lamellar morphology composed of 3 domains of arbitrary 
domain sizes, spin diffusion coefficients, proton densities and that the nuclear magnetization 
transfer takes place from a source to a finite sink through an interface. As shown in the 
section dealing with AFM of 2-aA PEAs (this chapter), a 1D (lamellar) morphology is shown 
by the PEAs. In order to use this program, spin diffusion coefficients and proton densities 
have to be provided. The spin diffusion coefficients were evaluated before (Table 4.3). 
Proton densities for the rigid, interface and mobile domains were taken as 1 g.cm-3. Figure 
4.10 shows that the experimental data is in good agreement with the simulations that have 
been based on a lamellar morphology with three domains. The simulated curves are shown 
as solid lines and the experimental data as points. 
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Figure 4.10: Proton spin diffusion decay and built up curves for 2-aA-(εClon/C4)-65% as a 
function of td1/2. The symbols represent the experimental data and the solid lines represent 
the simulations based on a 1D morphology. 
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The effective domain sizes for the 2-aA series PEAs are shown in Figure 4.11 as a function 
of the amide content. As discussed previously, the crystalline structure of the polymers PBA 
and 2-aA-(εClon/C4)-10% is different in comparison to those PEAs with 25% and above 
amide segment content. The domain sizes corresponding to the rigid phase decrease on 
moving from PBA to 2-aA-(εClon/C4)-25% and then increase with decreasing concentration 
of ester groups. This is in line with the observed thermal properties where 2-aA-(εClon/C4)-
25% has the maximum amorphous content. On comparing the polymers 2-aA-(εClon/C4)-
25% to 2-aA-(εClon/C4)-65%, the mobile phase decreases and the rigid and the interface 
components increases with increasing amide content. 
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Figure 4.11: Calculated domain sizes for the rigid, interface and mobile phases as a function 
of the amide content for the 2-aA series PEAs. 
 
 
The long spacing in the semi crystalline poly(ester amide)s could be estimated using solid-
state NMR. The dependence of the long period on the amide content is shown in Figure 
4.12. Long period spacing is assumed to be the distance between crystalline lamellae. As 
expected, the crystalline content increases as the amount of amide content increases in the 
polymer. The polymer 2-aA-(εClon/C4)-25% has the highest amorphous content among the 
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PEAs investigated which is in good agreement with the observed thermal properties (Table 
4.2), and hence, has the maximum long spacing of approximately 11.7 nm. The distance 
between the crystalline lamellae reduces to approximately 7 nm for 2-aA-(εClon/C4)-65% 
pointing towards increasing crystal size with increasing amide content. 
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Figure 4.12: Dependence of the long spacing on the amide content for the 2-aA series PEAs. 
 
 
4.3.3 13C Solid State NMR analysis 
 
Introduction: High-power proton decoupled 13C magic angle spinning (MAS) NMR has been 
established as one of the most powerful tools for the investigation of structure, conformation, 
and dynamics of polymeric materials in solid state. The high resolution observed for the 
crystalline and amorphous fraction in semi-crystalline polymers makes solid-state NMR an 
excellent method for the evaluation of polymer conformation. 
These advantages have been used to clarify morphological details of the 2-aA PEA samples. 
Typical cross polarised (CP) MAS spectra, recorded using the pulse sequence shown in 
Figure 4.2a, are depicted in Figure 4.13.  
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Figure 4.13: CPMAS spectra of the 2-aA PEA samples recorded with a contact time of 1 ms 
at room temperature. For a better view only the range between 0 and 80 ppm is shown. 
 
Peak assignment: The spectra obtained by CPMAS experiment contain information about the 
entire semi-crystalline system, i.e. contribution from the amorphous and crystalline phases. 
Peaks in the range 24-31 ppm were assigned to CH2 groups whereas those at approximately 
33 ppm and 36 ppm to CH2COO and CH2CONH groups respectively. NCH2 groups appeared 
at approximately 41 ppm and the OCH2 groups at approximately 65 ppm. The 13C NMR 
spectrum for 2-aA-(εClon/C4)-10% is different as compared to the other 2-aA PEA samples. 
For this polymer, the peaks corresponding to NCH2 and CH2CONH are either very low in 
intensity or difficult to separate from the background noise and only one main peak is 
observed for the CH2 groups.  
Further, the intensity of the CH2CONH peak increases with increasing amide content and 
consequently, a decrease in the CH2COO peak intensity is also observed. It was also 
observed that the resolution of the spectra reduced as the concentration of the ester groups 
decreases. 
Based on this data, it is not possible to assign which functional groups form the crystalline 
and amorphous phase. Further information can be obtained from experiments where only 
signals from the crystalline phase or respectively only from the amorphous phase can be 
recorded. 
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4.3.3.1 The crystalline phase 
The NMR spectra for the crystalline phase of the polymer can be achieved with the help of 
CP measurements by taking advantage of the different CP efficiencies for the crystalline and 
amorphous phases. For CP measurements performed with a very short contact time, only 
the crystalline phase will give a signal. Exemplarily, Figure 4.14 shows the obtained NMR 
spectra for the crystalline phase for 2-aA PEAs with varying compositions. The spectra for 
nylon-6,6, obtained under the same conditions, has been added for comparison purposes. 
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Figure 4.14: CPMAS spectra with short cross-polarisation time for a) 2-aA-(εClon/C4)-25%, b) 
2-aA-(εClon/C4)-40%, c) 2-aA-(εClon/C4)-50% and d) nylon-6,6. 
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Many peaks of the crystalline phase for 2-aA PEAs overlap with those for nylon-6,6.59 Peaks 
at 173.4 ppm (CONH), 42.9 ppm (NCH2), 36.1 ppm (CH2CONH) and 25.8 ppm 
(CH2CH2CONH and CH2CH2CH2CONH) for nylon-6,6 are seen clearly in the 2-aA PEAs 
where as the peak at 31.2 ppm (CH2CH2NH and CH2CH2CH2NH) appears as a shoulder in 
the 2-aA PEAs. This comparison and assignment of chemical shifts shows that the 2-aA 
PEAs with amide content 25 % and above resemble the crystalline structure of nylon-6,6. 
We have previously discussed in the section dealing with the thermal properties of the 2-aA 
series of PEAs44 that the ester group co-crystallizes with the amide group and at low amide 
concentrations, only the ester group forms the crystalline phase. Now, in order to confirm our 
assumption that the ester groups also participate in the crystallization process, the spectra of 
the crystalline phase of 2-aA PEAs (with amide content 25 % and above) was compared with 
that of the PBA homopolyester. Exemplarily, Figure 4.15 shows the spectra of 2-aA-
(εClon/C4)-50%, PBA and nylon-6,6 obtained by CP measurement with very short contact 
time. 
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Figure 4.15: Crystalline structure of 2-aA-(εClon/C4)-50% compared with the crystalline 
structure of nylon-6,6 and PBA. 
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Although the spectra of 2-aA-(εClon/C4)-50% (Figure 4.15) is complicated, some of the peaks 
in the crystalline phase overlap with nylon-6,6 (as mentioned above) and some match the 
chemical shifts from the functional groups of PBA. This clearly points towards the fact that 
both ester and amide groups participate in the crystallization process. Another piece of 
evidence supporting this comes from the signal around 173 ppm (Figure 4.16). On 
magnification, this peak is composed of 2 signals-the main peak at 173.7 ppm belongs to 
CONH while the shoulder peak at 174.4 ppm corresponds to the COO group. This implies 
that the carbonyl carbon of the ester group is incorporated in the crystalline phase of the 2-
aA PEAs having amide content 25 mol% and above.  
 
 
 
Figure 4.16: CPMAS signal of the crystalline regions of 2-aA-(εClon/C4)-65%. Magnification 
of the region around the 173 ppm indicates the existence of two different peaks (see texts for 
details). 
 
 
The crystalline phase of 2-aA-(εClon/C4)-10% is shown in Figure 4.17. For comparison 
purposes, the spectra for nylon-6,6 and PBA obtained under the same conditions are also 
represented. 
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Figure 4.17: Crystalline structure of 2-aA-(εClon/C4)-10% compared with the crystalline 
structure of nylon-6,6 and PBA.  
 
 
From the above represented spectra (Figure 4.17), it can be concluded that the structure of 
the crystalline phase for 2-aA-(εClon/C4)-10% is different compared to 2-aA PEAs having 
amide content 25 % and more. The 2-aA-(εClon/C4)-10% crystalline phase has the same 
structure like the crystalline phase of the homopolyester PBA. Further, hardly any peaks 
overlap with nylon-6,6 peaks, clearly indicating that the amide groups do not participate in 
the crystallization process and may form the amorphous phase.  
 
4.3.3.2 The amorphous phase 
In order to identify the functional groups from the amorphous phase two strategies can be 
applied. One strategy is based on the 13C direct polarisation with a recycle delay short 
enough that the magnetization from the crystalline phase does not have enough time to 
relax. But in this case, the relaxation times from the various phases have to be known, at 
least with a certain approximation. The other strategy is based on the use of a delay before 
the CP. This delay can be chosen in such a way that the signal form the crystalline phase will 
completely decay during this time and therefore the cross polarisation step involves only the 
signals from the amorphous phase (pulse sequence shown in Figure 4.2b). From the results 
depicted in Figure 4.18 we can clearly see that for the signals from the amorphous phases of 
the PEA samples match those from the amorphous phase of PBA.  
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Figure 4.18: CPMAS spectra using a delay before the cross-polarisation time for 2-aA-
(εClon/C4)-25% (a), 2-aA-(εClon/C4)-40% (b), 2-aA-(εClon/C4)-50% (c) and PBA (d). 
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4.3.3.3 Evidence for two crystalline phases 
From the DSC experiments carried out at a very slow cooling rate (performed at a rate of 1 
K/min; Figure 4.19; thermal properties are summarized in Table 4.4), 2 distinct peaks could 
be observed. The existence of 2 peaks can be due to the presence of different crystallite 
sizes or due to the presence of 2 types of crystalline phases.  
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Figure 4.19: DSC cooling scan of 2-aA series of PEAs performed at a cooling rate of 1 K/min. 
 
 
Table 4.4: Crystallization temperature and enthalpies of 2-aA series of PEAs measured at a 
cooling rate of 1 K/min  
Polymer 
Tc,low 
(°C) 
∆Hc,low 
(J/g) 
Tc,high 
(°C) 
∆Hc,high 
(J/g) 
2-aA-(εClon/C4)-25% 71.3 -10.72 85.4 -1.67 
2-aA-(εClon/C4)-40% 80.3 -14.82 102.5 -3.41 
2-aA-(εClon/C4)-50% 84.0 -12.93 114.2 -4.26 
2-aA-(εClon/C4)-65% 87.0 -4.37 123.8, 130.9(c) -21.84 
(c): italics stand for the shoulder/smaller peak in the heating or cooling scan 
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If the assumption that, there are different sized crystallites is true, then annealing of the 
samples should give only one main peak. Even when the samples were annealed at different 
temperatures for different times, the multiple peaks could not be eliminated, indicating the 
presence of 2 distinct crystalline phases. The presence of 2 different crystalline phases could 
be proved on the basis of 2D NMR carbon-proton correlation data (pulse sequence shown in 
Figure 4.2c). This is shown in Figure 4.20 where a slice from the 2D experiment is shown for 
the sample 2-aA-(εClon/C4)-40%. A narrow signal on the top of a broad signal is observed, 
which is a signature for two types of crystals. As discussed in detail in the section dealing 
with the thermal properties of 2-aA PEAs44, these two different crystals are formed from 
single ester-amide sequences and two or more ester-amide sequences (formed by the co-
crystallization of ester and amide groups). 
 
 
Figure 4.20: Slice signal from the 2D proton-carbon correlation experiment for the sample 2-
aA-(εClon/C4)-40%. 
 
 
4.3.4 Characterization using Infra-red spectroscopy 
Infrared spectroscopy is one of the most established methods for characterisation of 
polymers. Nylons can be easily identified by IR spectra.43 Strong IR bands at 3300 cm-1 (ν NH 
H-bonded), ~1640 cm-1 (Amide I, ν CO) and ~1545 cm-1 (Amide II, ν CN + CO-NH bend) are 
characteristic of the trans planar conformation of the amide group. Orientation and 
crystallinity of the sample can be determined from the position and intensity of the sharp 
crystalline peaks and broader bands from the amorphous phase. Nylons are divided into two 
main types of stable crystal structures. These are denoted as α and γ phases. Additional 
polymorphs exist but can be classified as variations of the main families. 
In the case of nylon-6,6 in the α form, the molecules are in the fully extended zig-zag 
conformation. They form planar sheets of H-bonded molecules which, in turn, are stacked 
upon one another. The resulting structure is triclinic. Most even-even nylons take up the α 
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form of crystallization. Compared to the α form, the γ phase has a shorter chain axis due to a 
30° tilting of the amide group with respect to the chain axis. The tilting allows all H-bonds to 
be formed without strain. The energy cost expended to twist the amide groups in the γ 
crystals is compensated by the stability of the fully H-bonded structure. The resulting 
structure is termed pseudohexagonal. The γ phase is found mainly in even-odd, odd-even 
and odd-odd nylons. 
 
The FT-IR spectra for the 2-aA series of PEAs recorded at room temperature for the 
wavenumber regions 3600-2700 cm-1 and 1800-500 cm-1 are shown in Figure 4.21a and 
4.21b respectively. These PEAs show characteristic IR peaks at ~1730 cm-1 (ν CO ester), 
1640 cm-1 (Amide I, ν CO) and ~1545 cm-1 (Amide II, ν CN + CO-NH bend) indicating that 
both ester and amide bonds are present in the polymer backbone. Presence of strong 
hydrogen bonding is also seen in the IR spectra with peaks at ~3400 cm-1 (ν O-H H-bonded) 
and 3340 cm-1 (ν N-H H-bonded). Weaker bands at 1475 cm-1 (NH vic. CH2 bend), ~1417 cm-
1
 (CO vic. CH2 bend), ~1265 cm-1 (Amide III), ~690 cm-1 (Amide V) and ~580 cm-1 (Amide VI) 
reveal that the poly(ester amide)s crystallize in the α-form found in nylon-6,6. 
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Figure 4.21a: FT-IR spectra for the 2-aA PEA series for the wavenumber region 3600-2700 
cm-1 recorded at room temperature. 
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Figure 4.21b: FT-IR spectra for the 2-aA polymer series for the wavenumber region 1800-
600 cm-1 recorded at room temperature. 
 
4.3.5 Characterization using wide angle x-ray diffraction 
In order to determine the crystalline structure of the 2-aA series of PEAs, WAXD 
measurements were performed. The WAXD spectra of the polymer foils with amide segment 
content 25 % and above measured at room temperature are represented in Figure 4.22. The 
WAXD pattern for the homopolyester PBA has been added for comparison. Though the 
spherulite appearance of the 2-aA PEAs under the optical microscope is different for each 
sample, the observed crystalline forms show very similar X-ray diffraction patterns, which 
suggests that the 2-aA PEAs (with 25% amide segment content and above) share a common 
local molecular arrangement. 
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Figure 4.22: WAXD spectra of the 2-aA series of PEAs containing 25 mol% amide segment 
content and above have been compared with PBA. Measurements were performed at room 
temperature.  
 
 
PBA is a polymorphic polymer and shows mainly 2 crystalline phases-α and β. Crystallization 
conditions and thermal treatment are responsible for the preferential formation of either 
crystal types60,61 whereby α crystals grow above 32 °C. In Figure 4.22, PBA sho ws three 
main diffraction peaks, assignable to (110), (020) and (021) reflection planes of an α-
crystalline phase.  
Nylons are also polymorphic materials, showing 2 main stable crystal structures-α and γ. 
Additional polymorphs exist but can be classified as variations of the main families. Well 
defined α crystals of nylon-6,6 show 2 reflections at 4.7 Å and 3.7 Å corresponding to the 
(010), (110) doublet and (100) reflection planes respectively.43 These reflections represent 
the distance between two amide-amide intermolecular hydrogen-bonded chains (4.7 Å) and 
the distance between two van der Waals packed sheets (3.7 Å).  
With the incorporation of 10% amide segment content in the PBA backbone, the polymer 2-
aA-(εClon/C4)-10% shows a diffraction pattern where some of the peaks overlap with those 
of PBA. However, a small shoulder at around 4.4 Å reveals the presence of two amide-amide 
intermolecular hydrogen-bonded chains. This implies that the ester groups crystallize mainly 
in 2-aA-(εClon/C4)-10% and that some amide-amide H-bonded chains are also formed. This 
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WAXD pattern clearly substantiates the results obtained from 13C solid-state NMR 
measurements discussed previously.  
With further addition of the amide segments in the PBA backbone, the 2-aA PEAs (except 2-
aA-(εClon/C4)-10%) show a completely different diffraction pattern as compared to the PBA 
(Figure 4.22) indicating that the PBA segments do not crystallize in the PEAs. This 
substantiates our previous arguments that the homopolyester segments form the soft domain 
when amide segments are incorporated in the polymer backbone. The WAXD spectra of the 
2-aA PEAs shows typical reflections of an α-type crystalline phase similar to the well defined 
α-crystalline phase found in nylon-6,6. In the case of the PEAs, the Bragg spacing (4.4-4.6 Å) 
representing the distance between two amide-amide intermolecular hydrogen-bonded chains 
is somewhat lower to that of nylon-6,6 (4.7 Å). The distance between two van der Waals 
packed sheets (3.92-3.95 Å) for the 2-aA poly(ester amide)s is slightly larger than in nylon-
6,6. 
The crystal size and perfection influence the intensities and widths of the wide angle 
diffraction peaks. The amorphous content adds a diffuse scattering halo. High intensity of the 
diffraction peak at 4.4-4.6 Å and a comparatively lower intensity of the diffraction peak at 3.9 
Å indicate that the crystal plane parallel with the H-bonds is well developed whereas the 
crystal plane parallel with the van der Waals interactions is poorly developed. However, with 
increasing amide content, the width of the wide angle diffraction peak (at 3.9 Å) becomes 
narrower and the intensity increases indicating that the more well developed crystalline 
lamellae in the hard domains are formed. 
The comparable values of the d-spacing in the 2-aA PEAs and nylon-6,6 and the structural 
data obtained from FT-IR lead to the conclusion that the polymer chains are in fully extended 
planar zig-zag conformation typical for an α-crystalline phase found in even-even nylons. 
 
 
4.4 Conclusions 
 
The morphology of segmented aliphatic PEAs, containing 2 adjacent amide groups randomly 
placed in the polyester backbone has been studied. An NMR approach to quantify 
mesoscopic properties corresponding to domain thicknesses of various phases was applied 
successfully. An analytical solution of the spin-diffusion equation in a 1D lamellar morphology 
gave the sizes of the rigid, interface and mobile phases. With incorporation of the amide 
segments in the PBA backbone, the crystalline content decreased till 25% amide segment 
content and then increased with increasing amide content. This trend is in good agreement 
with the measured thermal properties of the PEAs and corresponds to the change from one 
crystal type to another. A detailed study of the groups involved in crystalline and amorphous 
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phases as determined by 13C solid state NMR was also performed. 13C solid state NMR 
analyses prove that the ester and amide groups co-crystallize in the 2-aA PEAs (with 25 
mol% and above amide segment) and only the ester groups form the crystalline phase in 2-
aA-(εClon/C4)-10%. Further, evidence for the presence of two different crystallites is also 
obtained from the NMR. These findings from solid-state NMR support our previous thermal 
analysis results. FT-IR and WAXD analyses show that the PEAs crystallize predominantly in 
the α-crystalline phase found in even-even nylons. The understanding of the morphology and 
a correlation of the mesoscopic and macroscopic properties of these PEAs is important in 
understanding their potential applications as biomaterials. 
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 Chapter 5 
 
Degradation and in-vitro biocompatibility of 
segmented poly(ester amide)s   
 
 
5.1 Introduction 
 
Over the past years, degradable polymers have increasingly been used in the 
pharmaceutical and biomedical fields in applications such as drug delivery and temporary 
implant materials like sutures and scaffolds to name a few. Synthetic polymers such as 
polyesters, poly(ortho ester)s, poly(anhydride)s and poly(hydroxy acid)s among others have 
been applied in the field of biomaterials. A vast majority of synthetic biodegradable polymers 
studied belongs to the polyester family such as poly(lactic acid) (PLA), poly(glycolic acid) 
(PGA) and their copolymers (PLGA). These polymers are approved by the Food and Drug 
Administration (FDA). However, some of the disadvantages of using these polymers in the 
biomedical field are their poor processability and loss of mechanical properties very early 
during degradation. In-vivo degradation of these polyesters occurs due to hydrolysis of the 
labile ester bond and releases lactic and/or glycolic acid, which can be converted to water 
and carbon dioxide in the citric acid cycle. However, release of acidic compounds in high 
concentration and the potential crystalline remnants, generated by the hydrolytic 
degradation, can induce unwanted foreign body reactions.1-5   
Lately, poly(ester amide)s (PEAs) have gained much interest as biodegradable materials for 
use in environmental and biomedical applications.6,7 In general, the hydrolysis of ester 
linkages in buffer solution (pH 7.4) at room temperature takes place at a slow rate.8-21 At 
higher temperature8,10,11,18,20,22-24 and at low or high pH8,10,18,20,23,25,26, the degradation rate 
increases. Degradation occurs predominantly in the amorphous part of the polymer. Hence, 
the amount of crystalline content of the polymer also plays an important role in the 
degradation.  
Addition of enzymes to the buffer solution increases the degradation rate of the PEAs. Effect 
of enzymes, such as proteases, esterases and lipases, on the polymer have been 
Degradation and in-vitro biocompatibility of poly(ester amide)s 
 
 - 138 - 
investigated. Papain and proteinase K belong to the protease family and can hydrolyse 
amide linkages and sometimes ester bonds. Lipases and esterases hydrolyse ester bonds 
and some of the lipases are capable of hydrolysing polyesters to oligomers or even 
monomers. 
Based on the microstructure of the poly(ester amide)s, a literature overview on the hydrolytic 
as well as enzymatic degradation and biocompatibility of these polymers is presented. 
 
5.1.1 Poly(ester amide)s with random microstructure 
BAK® copolymers from Bayer (based on dicarboxylic acid, diol and ε-caprolactam) have been 
shown to be fully degraded by micro organisms. The bacteria could selectively cleave the 
polymer at its ester bonds and thereby low molecular water soluble oligoamides were 
released that could be metabolised by other microorganisms.27,28 Hydrolytic degradation (in 
PBS pH 7.4, 37 °C) of PEAs based on tartaric acid s howed decrease in the molecular weight 
with time (upto 70 days) and a subsequent increase in the crystalline content.29 In another 
study, the hydrolytic degradation of PEAs based on tartaric and succinic acid has been 
investigated over a period of 0-25 weeks.12,17 The molecular weight decreased rapidly in the 
first two months of incubation. Both polymers showed complete erosion. Cleavage of the 
ester bonds accompanied by the formation of cyclic succinimide units was the main 
mechanism of degradation. 
Random PEAs based on α-amino acids (such as glycine and alanine) were exposed to 
enzymes such as papain and proteinase K at 37 °C. 9 Polymers containing alanine units 
degraded faster than the other amino acid containing PEAs. Further, the hydrolytic 
degradation of these polymers (at pH 7.4, 37 °C) pr oceeded at a very slow rate, confirming 
the enzymatic catalysis. Jokhadze et al.30 synthesized random PEAs based on α-amino acids 
having pendant reactive carboxylic acid functionalities. PEAs subjected to enzyme catalyzed 
in-vitro degradation showed relatively higher degree of biodegradation than in the PBS 
control. Lipase degraded the PEAs much more than α-chymotrypsin. Most of the PEAs 
tested showed zero-order kinetics in the biodegradation profiles which is important for 
achieving controlled release of drugs. 
Tokiwa et al.31 studied the biodegradation of random PEAs (obtained by the amide-ester 
interchange reaction between polyamide and polyester) by lipases and other enzymes. They 
proposed that the biodegradability was influenced by the distribution of hydrogen bonds on 
the amide groups and that increased hydrogen bonding led to lower biodegradability. 
Gillies and co-workers32 incorporated varying amounts of L-lysine into PEAs and the 
percentage of pendant amines could be readily controlled by varying the monomer 
composition during polymerization. Degradation studies in PBS buffer and in the presence of 
the enzymes chymotrypsin and trypsin indicated that the incorporation of lysine had a 
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dramatic effect on the degradation rate, accelerating both hydrolytic and enzymatic 
degradation, presumably due to its hydrophilicity.  
Degradation via ester bond cleavage is the main mechanism reported by most researchers. 
However, Lee et al.13 showed that the rate of hydrolytic degradation of random PEAs with 
amide contents between 10 to 30 mol% (at pH 11, 35 °C) increased with increasing amide 
content due to the enhanced hydrophilicity.  
Recently, Bettinger et al.7 have demonstrated that amino alcohol (1,3-diamino-2-hydroxy-
propane) based PEA elastomers show a weight loss of ~43 % over 6 weeks in sodium 
acetate buffer. Further, in-vitro studies with human foreskin fibroblasts and in-vivo studies 
performed in Sprague Dawley rats showed that the new PEAs have better biocompatibility as 
compared to PLGA. 
 
5.1.2 Poly(ester amide)s with alternating microstructure 
Amino acid based alternating PEAs have been investigated in detail as their incorporation 
makes the polymer biocompatible and more susceptible to enzymatic degradation. Further, 
they have reactive groups which are available for further modification where molecules with 
pharmacological activity can be attached. Puiggalí and co-workers have systematically 
studied the hydrolytic and enzymatic degradation of various α-amino acid based 
PEAs.8,10,11,20,22,24,33-36 These polymers degrade faster in the presence of enzymes as 
compared to in pure buffer and the degradation rate increased with decreasing crystallinity 
and increasing temperature.8,10,11 Glycine and L-alanine based PEAs displayed high 
susceptibility to degradation in the presence of papain.8,11,33-36 Han et al.37 have shown that 
the substitution of glycine with 4-aminobutyric acid increased the enzymatic degradation rate 
due to the presence of free, non hydrogen-bonded carbonyl groups. Further, the extent of 
cell attachment and proliferation on PEAs derived from 4-aminobutyric acid was relatively 
higher than those derived from glycine.  
The effect of stereochemical composition on the enzymatic degradation was examined using 
papain and proteinase K.36,38 The enzymes preferentially degraded PEAs derived from L-
amino acids instead of the D-isomer.  
Alternating PEAs derived from naturally occurring hydrophobic α-amino acids, fatty diols and 
dicarboxylic acids were subjected to enzymatic degradation in the presence of α-
chymotrypsin and lipase.39-43 PEAs containing L-phenylalanine were susceptible to 
degradation by α-chymotrypsin as this enzyme has a strong specificity to aromatic amino 
acid residues in proteins or peptides. The enzyme immobilized spontaneously on the surface 
of the polymer. Another finding of this study was that the rate of enzymatic biodegradation 
increased with the number of methylene groups in the diols or diacids used. 
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Okada et al.44 synthesized a series of alternating PEAs based on glycine or alanine, 
dianhydroglucitol and activated esters with varying methylene chain lengths and subjected 
them to enzymatic degradation in the presence of papain or lipase. Soil burial degradation 
tests, biological oxygen demand (BOD) measurements in an activated sludge and enzymatic 
degradation tests using lipase and papain indicated that these PEAs were biodegradable and 
that their biodegradability markedly depended on the molecular structure. The PEAs, in 
general, degraded more slowly than the corresponding polyesters having the same aliphatic 
dicarboxylic acid units, both in composted soil and in an activated sludge. In the enzymatic 
degradation, some PEAs containing dicarboxylic acid components with shorter methylene 
chain lengths were degraded more readily than the corresponding polyesters with lipase, 
whereas most of the PEAs were degraded more rapidly than the corresponding polyesters 
with papain. 
 
5.1.3 Segmnted (blocky) co-poly(ester amide)s 
Segmented PEAs, derived from diacid chlorides, diamines and diols of varying methylene 
group chain lengths were subjected to enzymatic hydrolysis and activated sludge test.45 The 
polymers were hydrolyzed by lipases where as proteases (trypsin and α-chymotrypsin) did 
not have any apparent effect upon them. Enzymatic hydrolysis was found to be greatly 
affected by the polymer composition and structure. In agreement with the enzymatic 
degradation results, the rate of degradation of the polymers, exposed to an activated sludge, 
increased with decreasing amide content. 
PEAs synthesized from succinate, 1,4-butanediol and 1,4-butanediamine by a 2-step 
polycondensation reaction were subjected to enzymatic degradation in the presence of a 
lipase.46 It was found that the enzymatic degradation took place on the surface of the 
polymer films and it selectively hydrolyzed the ester bonds in the long sequences of butylene 
succinate unit.  
Biodegradation of multiblock PEAs based on PLLA macromer and cycloaliphatic amide 
segments was carried out using the enzyme lipase from Candida Cylindracea.47 Degradation 
of PEAs was influenced by the PLLA content and its rate increased with an increase in the 
PLLA content. Cleavage of the ester bond was the main mechanism of degradation. Lips et 
al.21 evaluated the hydrolytic and in-vivo degradation of segmented PEAs based on 
bisamide-diols. The degradation of PEAs in PBS (pH 7.4, 37 °C) was very slow and took 
place preferentially through ester bond cleavage. The polymers were found to be non toxic 
and sustained the growth of fibroblasts. The in-vivo degradation and tissue response (6 
weeks implantation time) was studied by subcutaneous implantation in rats. Upon 
implantation, the polymers showed mild foreign body reactions in the first weeks. 
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A new family of biodegradable copolymers of PEAs containing saturated and unsaturated 
groups based on L-phenylalanine was subjected to in-vitro and enzymatic degradation.48 The 
copolymers degraded faster in the enzymatic solution than in the buffer solution. The rate of 
degradation could be adjusted by varying the amount of saturated to unsaturated moieties.  
 
5.1.4 Comparative studies 
Many researchers have compared the rate of degradation of PEAs with different 
microstructures. Puiggalí et al.10 and Gonsalves et al.14 found that the PEAs with regular 
microstructure, and hence higher crystalline content, were more resistant to degradation than 
their random microstructure counterparts. Muñoz-Guerra and co-workers49-51 synthesized 
PEAs based on amino alcohols and/or diamines and diacids and found that the hydrolytic 
degradation rate increased significantly by increasing the ester content and by the 
incorporation of tartaric acid units. The regicity, i.e. the relative orientation of the monomeric 
units along the main chain, also plays a crucial role in the degradation behaviour of the 
PEAs. Where as the alternating syndioregic polymers were not degraded in the PBS buffer, 
the alternating isogeric polymer decreased to less than one-third of its initial value. The 
random aregic polymers degraded faster than their isoregic variants. The main degradation 
mechanism was the intramolecular amidolysis reaction which leads to cyclization to imides. 
 
In spite of the vast amount of research work done on PEAs, there are no accounts of the 
degradability and cell proliferation ability of PEAs having two or three-consecutive amide 
bonds which are incorporated in the polyester backbone. The homopolyester poly(butylene 
adipate) (PBA) has a low melting point of 66 °C and  is very brittle. In order to improve its 
processability, amide groups were incorporated into the polyester backbone. The inclusion of 
2- or 3-adjacent amide (aA) groups in the PBA main chain leads to the formation of 
segmented PEAs, with tunable thermal and physical properties. Segmented PEAs can be 
synthesized by melt polycondensation of dimethyl adipate, 1,4-butanediol and preformed 
α,ω-amino alcohol (OH-(CH2)5-CO-NH-(CH2)4-NH2) or α,ω-diamine (H2N-(CH2)5-CO-NH-
(CH2)4-NH2)52 to yield the 2-aA or 3-aA series of PEAs. An advantage is that the preformed 
α,ω-amino alcohol or diamines and their oligomers are water soluble, which prevents the 
formation of crystalline amide remnants. Hydrolytic degradation of the 2-aA and 3-aA series 
of segmented PEAs was carried out in PBS buffer (pH 7.4, 37 °C). Mass loss and changes in 
the polymer composition by NMR, DSC, IR and SEC were determined. The morphology of 
the degraded polymers was realised using SEM. In-vitro cell tests and cytotoxicity tests were 
performed using mouse connective tissue fibroblasts (L929 cells). 
 
 
Degradation and in-vitro biocompatibility of poly(ester amide)s 
 
 - 142 - 
5.2 Experimental 
 
5.2.1 Materials 
2-aA and 3-aA series of PEAs were obtained by a 2-step melt polycondensation reaction as 
described in chapter 3 of this thesis. 
Live/Dead® Viability/Cytotoxcity Assay Kit was received from Invitrogen, Molecular Probes, 
(Karlsruhe, Germany). Dulbeccos Heat inactivated fetal calve serum (FCS); penicillin/ 
streptomycin; 0.05% trypsin in ethylenediaminetetraacetic acid; modified Eagle Medium 
(DMEM) (1x) high glucose, without sodium pyruvate, with L-glutamine, sterile filtered were 
purchased from PAA Laboratories, Germany. Lidi’s formalin solution (4% formaldehyde, pH 
7.4); methanol and Meyers’ hemalum were purchased from Merck, Darmstadt, Germany. 
Phosphate Buffered Saline (PBS, pH 7.4) was received from PAA Laboratories (Germany) 
and dissolved in double-distilled water and sterilized in an autoclave. Mouse connective 
tissue fibroblasts (L929 cells) were harvested from biopsies by the university hospital at the 
RWTH Aachen and kindly provided. Tissue culture polysytrene (TCPS) petri-dishes were 
purchased from Greiner, Germany. 
 
5.2.2 Methods 
 
5.2.2.1 Degradation and analysis of polymer foils 
Preparation of foils: Melt pressed foils for the degradation experiment were prepared by 
placing 1.3 g of the polymer between 2 circular aluminium sheets. The aluminium sheets 
were then placed between the heating plates of LOT-Oriel melt press machine. The 
temperature was slowly raised from room temperature to at least 10 degrees above the 
melting point of the polymer as measured by DSC using the temperature controller LOT-
Specac. The polymer melt was kept for 5 minutes at that temperature and then a pressure of 
0.5 T was applied on the system. This was maintained for further 5 minutes. The pressure 
was released and the polymer was allowed to cool to room temperature. The thickness of the 
foils prepared in this way was 250 ± 20 µm. 
Contact angle measurements: Dynamic contact angle measurements were carried out using 
the ‘Wilhelmy-Plate’ method on a computer controlled tensiometer (Lemke & Partner, Kaarst, 
Germany). Melt pressed polymer foils were cut into rectangular pieces with approximate 
dimensions:1.5 cm x 1 cm x 0.025 cm. All samples were cleaned with ethanol and dried 
overnight in a desiccator (using P2O5 as a drying agent). A platinum plate (19.93 mm x 0.22 
mm; Krüss GmbH, Germany) standard was used to determine the surface tension of water 
before each measurement of the polymer foil. All measurements were performed at room 
temperature. 
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In-vitro degradation test: Rectangular pieces of melt pressed foils (50-70 mg) were placed in 
1 mL of phosphate buffered saline (PBS buffer, pH 7.4). To the PBS stock solution, 0.02 wt% 
sodium azide was added as an anti-microbial agent. The samples were kept in a shaker 
maintained at 37 °C. Buffer was changed when the pH  of the solution exceeded the range of 
7.4±0.2. At least 4 samples were prepared for each time period. The degradation was carried 
out for 6 months and samples were removed after 1, 2, 4, 8, 12, 16, 20 and 24 weeks. The 
degraded polymer films were washed with water and dried under vacuum. Subsequently, dry 
weight, molar composition, molecular weight, thermal properties and morphology of the 
degraded samples were determined. Mass loss was expressed as: 
)1.5.(%100%
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0 Eq
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where w0 and w are the dry sample weight before and after degradation respectively. 
 
Nuclear magnetic resonance: 1H and 13C NMR spectra were recorded on a Mercury 
spectrometer at 300 MHz. Deuterated trifluoro acetic acid was used as a solvent and 
tetramethylsilane served as an internal standard. The polymer composition (m/n) can be 
evaluated by taking the ratio of the integral intensities of the signal between δ 3.2 
(corresponding to the methylene groups next to amide NH) and δ 4.1 (corresponding to the 
methylene groups adjacent to the ester acyl oxygen). The composition can also be evaluated 
by taking the ratio of the integral intensities of the signal between δ 2.2 (corresponding to the 
methylene groups next to amide CO) and δ 2.3 (corresponding to the methylene groups 
adjacent to the ester CO). 
Differential scanning calorimetry: DSC was conducted on a Netzsch DSC 204 unit equipped 
with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply system). Indium was 
used as a calibration standard. Samples (typical weight, 5-7 mg) were enclosed in standard 
Netzsch 25 µL aluminum crucibles. Unless otherwise stated, all measurements were carried 
out at heating and cooling rate of 10 K/min from -75 to 300 °C under a continuous nitrogen 
flow (50 mL/min). Three successive runs (heating-cooling-heating) were performed for each 
sample. Here, the first heating and cooling scans have been reported. 
Fourier transform infrared spectroscopy: FT-IR spectra were recorded on a Thermo Nicolet 
Nexus 470 spectrometer equipped with a MTEC photoacoustics model 200. Resolution of 
the spectrum was 8 cm-1 and 1000 scans were taken per spectrum. 
Size exclusion chromatography: SEC analyses were carried out at 30 °C using a 
high-pressure liquid chromatography pump (Bischoff 2250) and a refractive index detector 
(Jasco). The eluting solvent was dimethylformamide (DMF) with 1.00 g/L LiBr and a flow rate 
of 1.0 mL/min. Four columns with PSS GRAM material were applied. The length of the pre-
column was 50 mm and the diameter 8mm. The remaining three columns had a length of 
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300 mm, diameter of 8 mm, particle size of 10 µm, and the nominal pore widths were 100, 
1000 and 1000 Å. Calibration was achieved using narrow distributed poly(methyl 
methacrylate) standards. 
Scanning electron microscopy: Pieces of degraded polymer foils were gold-coated (S150B 
Sputter Coater, Edwards), and imaged with SEM (Cambridge S360, Leica, Germany) using 
an accelerating voltage of 15 kV. 
 
5.2.2.2 In-vitro cell tests 
Cell culture: Mouse connective tissue fibroblasts (L929 cells) were harvested from pregnant 
mice following published standard protocols. The pregnant mice and equipment for 
harvesting the mouse connective tissue fibroblasts were kindly provided by the university 
hospital, RWTH Aachen. Fibroblasts were seeded into flasks in high glucose Dulbeccos 
Modified Eagles Medium (DMEM) with supplements of 10% Fetal Calf Serum (FCS), 1 U/mL 
penicillin and 1 mg/mL streptomycin. The cells were grown at 37 °C and 5% CO 2 (standard 
cultivation conditions). Cell culture media was changed every 2–4 days and cells were 
passaged when they reached 70–80% confluence before being harvested for the 
experiment. Cells were harvested by brief exposure to 0.25% trypsin and 1 mM EDTA in 
PBS and seeded again in cell culture flasks, or seeded onto the substrate. 
 
Direct cell adhesion on polymer foils: The ability of PEA films to promote cell adhesion and 
proliferation was evaluated by using L929 mouse fibroblast cells. PEA foils were disinfected 
by immersion into 70% ethanol for 1 min and then washed with sterile water and air-dried in 
a laminar flow cabinet before being deposited into TCPS petri-dishes. For adhesion studies, 
1 mL L929 cell suspension was seeded on PEA foils on a distinct area (“initiation area”) in a 
defined concentration (10×104 cells/mL). The establishment of cell-substrate contacts were 
allowed for 1 h without any disturbance at room temperature. After this time, cell media (2 
mL) was added. Every 48 h cell media was changed. The samples were incubated under 
standard cell culture conditions at 37 °C and 5% CO 2. Cells were visualized after 24, 72 and 
120 h via fluorescence and/or light microscopy. 
Fluorescence Microscopy(Live-Dead Staining ): The Live/Dead® Viability/Cytotoxcity Assay 
Kit contains two components: component A, calcein AM, (4mM in anhydrous DMSO) and 
component B, ethidium homodimer-1 (on DNA) (EthD-1), (2 mM in DMSO/H2O 1:4 (v:v)). A 
solution of 10 µL EthD-1 and 2.5 µL calcein in 5 mL phosphate buffered saline (PBS, pH 7.4) 
was prepared in order to achieve a concentration of 2 µM calcein AM and 4 µM EthD-1. 
Samples were first washed three times with PBS and followed by the addition of the staining 
solution from the kit. Samples were incubated for 10–15 min at room temperature in dark and 
were then examined with a fluorescence microscope. Axioplan 2 imaging (Carl Zeiss, 
Germany) microscope with an ebx 75 isolated UV-lamp (Jena GmbH, Germany), equipped 
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with a camera, was used for visualising the cell morphologies. Calcein AM detects 
intracellular esterase activity of living cells by conversion to fluorescent calcein. It can be 
seen as an intense uniform green fluorescence (ex/em = 494 / 517 nm). EthD-1 enters only 
cells with damaged foils and produces a bright red fluorescence in dead cells (ex/em = 495 / 
635 nm) by intercalating into double stranded nucleic acid. 
Light microscopy (Hemalum staining): Cell morphology studies were performed to examine 
the morphology of the cells on PEA foils under light microscope (Axiovert 100A, Carl Zeiss, 
Germany). Cells on the foils were washed with PBS once and fixed with 4% formaldehyde in 
PBS for 10 min. After that the fixed cells were washed 4–5 times with distilled water until the 
formaldehyde was removed. Then they were stained with a filtered solution of Meyer’s 
hemalum solution for 10 min. The samples were washed again with distilled water 4–5 times 
to remove residual stain and visualized using light microscopy. 
 
Indirect cell adhesion on polymer foils: PEA foils were disinfected by immersion into 70% 
ethanol for 1 min and then washed with sterile water and air-dried in a laminar flow cabinet 
before being deposited into TCPS 6-well petri-dishes. Polymer fluid extracts were prepared 
by incubating each polymer foil in 3 mL of cell culture medium at 37 °C for specified time 
periods. The fluid extracts were used undiluted unless otherwise mentioned. 
Separately, in another TCPS petridish, 2 mL cell suspension (L929 cells) was seeded on 
TCPS in a defined concentration (10×104 cells/mL). The establishment of cell-substrate 
contacts were allowed for 1 h without any disturbance at room temperature. After this time, 
cell culture media (1 mL) was added. The cells were incubated under standard cell culture 
conditions at 37 °C and 5% CO 2. Indirect cytotoxicity tests were performed after certain time 
intervals and if required, the cell media was changed every 48 h. 
 
Indirect test-A (extract on the cells 24 h, 7 days): After 24 h of cell seeding, the cell culture 
medium was removed and the adherent cells on the TCPS plates were washed with PBS. 
The polymer foil fluid extract (2 mL) and 1 mL of fresh cell culture media was then added to 
the adherent cells and incubated further for 24 h under standard cell culture conditions at 
37 °C and 5% CO 2. The adherent cells were washed with PBS and their morphology was 
visualized by light microscopy and live/dead staining.  
In the case of the 7 day extract, fresh cells were seeded one day before and then the 7 day 
extract was added. The cells were incubated for 24 h under standard cell culture conditions 
and their morphology was visualized by light microscopy and live/dead staining, as described 
above. 
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Indirect test-B (material on the cells 24 h, 72 h): After 24 h of cell seeding, the cell culture 
medium was removed and the adherent cells on the TCPS plates were washed with PBS. 
The polymer foil was placed on the cells and fresh cell culture media (3 mL) was then added 
to the petri dish containing the polymer foil and the cells and incubated further for defined 
time periods under standard cell culture conditions at 37 °C and 5% CO 2. The polymer foils 
were removed after 24 and 72 h and the adherent cells were washed with PBS and their 
morphology was visualized by light microscopy and live/dead staining. 
 
 
5.3 Results and Discussion 
 
Poly(ester amide)s (PEAs) combine favourable characteristics of polyesters (degradability 
and biocompatibility) and polyamides (mechanical stability). By varying the amount and type 
of amide groups in the polyester backbone, it is possible to create PEAs of different 
microstructures/architectures with tailor-made degradation rates. As described elsewhere52 
incorporation of the amide groups in the poly(butylene adipate) (PBA) chains was carried out 
by condensing preformed α,ω-amino alcohols (OH-(CH2)5-CO-NH-(CH2)4-NH2) or α,ω-
diamine (H2N-(CH2)5-CO-NH-(CH2)4-NH2) with 1,4-butanediol and dimethyl adipate. A series 
of segmented PEAs with varying amounts of amide containing segments could thus be 
obtained. To evaluate their potential use as biomaterials, hydrolytic degradation and cell 
adhesion tests were performed on 2-adjacent-amide (2-aA) and 3-adjacent-amide (3-aA) 
series of PEAs.  
 
5.3.1 Degradation behaviour of 2-adjacent amide series of poly(ester amide)s 
 
2-adjacent-amide series of segmented PEAs were obtained by melt polyconsensation of 
dimethyl adipate and varying ratios of 1,4-butanediol and a preformed α,ω-amino alcohol 
containing an in-built amide bond (Scheme 5.1). 
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Scheme 5.1: General route for the synthesis of 2-adjacent-amide poly(ester amide)s. PAru 
and PEru stand for polyamide repeating unit and polyester repeating unit respectively. 
 
 
The theoretical and experimentally obtained ratio of amide to ester units ratio for the 2-
adjacent amide series of poly(ester amide)s and their molecular weight and polydispersity 
index are summarized in Table 5.1. 
 
Table 5.1: Composition and molecular weights of synthesized 2-aA series of PEAs. 
Polymer 
(m/n)th. 
(mol %) 
(m/n)exp.(a) 
(mol %)(b)
 
Mn 
(kDa)(c) 
Mw 
(kDa)(c) PDI
(c) 
Series 
PBA 0/100 0/100 17.7 34 1.93 
2-aA-(εClon/C4)-25% 25/75 27/73 16.5 33.2 2.00 
2-aA-(εClon/C4)-40% 40/60 41/59 14.3 30 2.10 
2-aA-(εClon/C4)-50% 50/50 49/51 13 26.8 2.05 
2-adjacent 
amide 
series 
2-aA-(εClon/C4)-65% 65/35 63/37 0.75 14.8 1.98 
(a): m and n refer to the percentage of amide and ester repeating units in the PEA; see scheme 5.1; (b): determined 
by 1H-NMR measured in CDCl3 or TFA-d; (c): from SEC measured in DMF; Mn: number average molecular weight; 
Mw: weight average molecular weight; PDI: polydispersity index 
 
 
Hydrolytic degradation of the polymer foils were carried out in PBS (pH 7.4) at 37 °C for 24 
weeks. In time, changes in mass, molecular weight and compositional changes were 
measured. 
Mass loss profile over 6 months is depicted in Figure 5.1. During the first week of 
degradation, samples show a significant amount of mass loss. This corresponds to the 
release of oligomers and low molecular weight molecules. A plausible explanation for the 
high mass loss of 2-aA-(εClon/C4)-65% in the first week is the low molecular weight of the 
polymer. It is possible that this polymer contains higher number of low molecular weight 
molecules that leach out in the initial degradation phase. After the first week till the end of 6 
months, all samples exhibit steady mass loss. Maximum loss of 4 wt% is seen for 2-aA-
(m) H2N-(CH2)4-NH-CO-(CH2)5-OH  +  (m+n) H3C-O-CO-(CH2)4-CO-O-CH3  +   (n) HO-(CH2)4-OH
CO-(CH2)4-CO-NH-(CH2)4-NH-CO-(CH2)5-O* co CO-(CH2)4-CO-O-(CH2)4-O *
m nPAru PEru
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(εClon/C4)-65% and 1.75 wt% for 2-aA-(εClon/C4)-25% over the entire degradation period 
where as the homopolyester PBA shows a loss of only 1.5 wt%.  
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Figure 5.1: Mass loss profile of 2-aA series of PEAs over 24 weeks in PBS buffer (pH 7.4, 
37 °C). 
 
Variation in the molecular weight of the degraded samples was monitored using SEC. 
Number average (Mn) and weight average (Mw) molecular weight profiles are represented in 
Figure 5.2. Figure 5.2a shows that for the 2-aA PEAs with amide segment content of 40 and 
50%, a decrease in the number average molecular weight (Mn) takes place during 
degradation where as for 2-aA-(εClon/C4)-65%, the Mn remains constant. However, the 
weight average molecular weight (Mw) of these foils show a minimal decrease. This indicates 
that the samples 2-aA-(εClon/C4)-40% to 2-aA-(εClon/C4)-65% show mass loss without chain 
scission. These results together with the steady mass loss reflect the characteristics of 
degradation via surface erosion. In the case of the hompolyester PBA, very less mass loss 
compared to the PEAs is observed. Further, the molecular weight (Mw) decreases to a 
greater extent as compared to the 2-aA PEAs. This is an indication of degradation via bulk 
erosion. PEA polymer with low amide segment content of 25% shows a degradation profile 
comparable to PBA. Thus, the data reflects that 2-aA-(εClon/C4)-25% also undergoes 
predominantly bulk degradation. 
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Figure 5.2: Molecular weight (a) Mn and (b) Mw as a function of degradation time for 2-aA 
PEAs in PBS (pH 7.4) at 37 °C. 
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Evaluation of the chemical composition before and after degradation was carried out using 
NMR. Polymer 2-aA-(εClon/C4)-25% had a m/n ratio of 27/73 before degradation. After 6 
months, the chemical composition changed to 30/70 indicating that the hydrolysis of the ester 
bonds takes place preferentially. As the amide segment increased, 2-aA-(εClon/C4)-65% 
showed a minor change in the chemical composition from 63/37 to 64/36 for the 6-month 
degradation period. Slight increase in the amount of amide moiety points towards ester 
hydrolysis. 
Due to ester bond cleavage, mainly or entirely taking place in the amorphous region, an 
increase in the crystallization can occur due to decreasing flexibility of the polymer chains. To 
investigate this, thermal properties of the polymer foils before and after degradation were 
examined. The enthalpy of melting (first heating scan) increased from 78.02 J/g to 95.83 J/g 
for 2-aA-(εClon/C4)-65% at the end of 6-months. An increase in the crystallization 
temperature Tc,high from 112 °C to 116.1 °C was observed. In compariso n, the enthalpy of 
melting (first heating scan) of 2-aA-(εClon/C4)-25% showed an increase from 28.94 J/g to 
51.05 J/g at the end of the degradation time. Even though the original crystalline content may 
not have increased, reduction of the amorphous phase leads to an enhancement of the 
overall crystallinity.  
IR analyses of the degraded polymer samples did not reveal any change in the bulk of the 
polymer in comparison to the pristine samples indicating that a surface erosion mechanism 
might be in place. 
SEM micrographs of pristine and degraded PBA, 2-aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-
65% are shown in Figure 5.3. In the case of PBA, no change in the surface morphology is 
observed. The surface remains smooth even after 6 months of degradation in PBS. In the 
case of 2-aA-(εClon/C4)-25%, the surface gets rough and a sort of phase separation is seen. 
As the amorphous part of the polymer degrades, the crystalline phase is left behind which 
leads to the phase separation. This phase separation increases till a network type of a 
structure is formed at the surface at the end of the 6-month degradation time. Polymer 2-aA-
(εClon/C4)-65% also shows surface erosion although the phase separated structure formed 
for 2-aA-(εClon/C4)-65% is different compared to 2-aA-(εClon/C4)-25%.  
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(scale bar: 20 µm) 
 
Figure 5.3: SEM pictures of the polymer surfaces at specific time intervals of hydrolytic 
degradation for the 2-aA series of PEAs. 
 
 
5.3.2 In vitro cytotoxicity tests for 2-adjacent amide series of poly(ester amide)s 
 
Introduction: In order to evaluate the biocompatibility of these new PEAs, cell adhesion tests 
were performed using mouse connective tissue fibroblasts (L929 cells). The cell adhesion 
behaviour depends on a lot of factors-predominant being surface characteristics of the 
polymer, functional groups on the surface, roughness and hydrophilicity.53-57 Surface 
wettability and hydrophobic/hydrophilic character of the polymer plays an important role in 
cell adhesion. Lee et al.58 have investigated the interaction of fibroblasts and endothelial cells 
on polymeric surfaces with a wettability gradient. The maximum adhesion and growth of cells 
was observed on surfaces with a contact angle of ~55° irrespective of the cell type used. It 
was further observed that cells adhered, spread and grew onto surfaces with moderate 
hydrophilicity than onto more hydrophilic or hydrophobic surfaces. Tissue culture polystyrene 
(TCPS), which is known to be an ideal surface for the cells, has a contact angle of ~62° and 
is partly NH2 functionalized. 
PBA 
Foil 2 months 6 months 
2-aA-(εClon/C4)-25% 
2-aA-(εClon/C4)-65% 
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Dynamic contact angle measurements were performed on 2-aA polymer foils (Table 5.2) in 
order to correlate the cell adhesion with the hydrophilicity of the polymer. The polymer foils 
become more hydrophilic as the amide segment content increases. A decrease in the 
advancing contact angle from ~65° to ~42° is observ ed as the amide segment content 
increases from 25% to 65%.  
 
Table 5.2: Dynamic contact angles of 2-aA PEAs foils 
Sample Advancing contact angle (°) Receding contact  angle (°) 
2-aA-(εClon/C4)-25% 65.3 45.0 
2-aA-(εClon/C4)-40% 64.3 43.0 
2-aA-(εClon/C4)-50% 59.7 36.2 
2-aA-(εClon/C4)-65% 46.2 25.7 
 
 
5.3.2.1 Cell adherence and proliferation on 2-aA PEAs 
The viability of mouse connective tissue fibroblasts (L929 cells) on the new PEA foils was 
investigated. TCPS is cell adhesion promoting substrate and served as a control for the 
experiments. Cell adhesion, viability, cytoskeletal filament distribution (spreading) and 
general morphology (nucleus plasma relation) were investigated using two different staining 
methods, namely morphology fixation with formalin and subsequent staining with hemalum 
and fluorescent live/dead staining with calcein AM and ethidium homodimer-1 (EthD-1). 
Viability and morphology of mouse connective tissue fibroblasts were determined for 3 
different time periods. Figure 5.4 shows the cell morphology on TCPS, 2-aA-(εClon/C4)-25% 
and 2-aA-(εClon/C4)-65% foils using Hemalum staining after 48 h of incubation. The cells are 
randomly adhered, well spread and showed a nucleus-plasma ratio typical for cells in high 
active state of protein biosynthesis.59  
. 
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Figure 5.4: Pictures of mouse fibroblasts grown for 48 h on a) TCPS, b) 2-aA-(εClon/C4)-25% 
and c) 2-aA-(εClon/C4)-65% foils using Hemalum staining (20x magnification). 
 
 
The fluorescent live/dead staining of the cells on TCPS and 2-aA-(εClon/C4)-65% foils are 
shown in Figure 5.5. In the live/dead staining procedure, calcein AM is converted by the 
esterase activity of living cells into green fluorescent calcein and therefore, cells which were 
living at the time of staining exhibit an intense green colour. Dead cells have porous 
membranes and EthD-1 enters the damaged cell membrane, intercalates into the DNA giving 
rise to red fluorescence.  
 
a b 
c 
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(scale bar: 100 µm) 
Figure 5.5: Microscopy pictures of mouse fibroblasts on TCPS and 2-aA-(εClon/C4)-65% film 
using live/dead staining at various time intervals. 
 
 
In the process of washing the substrates with PBS and performing the live/dead staining, 
cells that are poorly adherent on the surface get washed away. Hence, very few cells are 
seen after 24 h of cell incubation on 2-aA-(εClon/C4)-65% foils. Another explanation for the 
initially poor adhesion of the cells on the polymer foil surface is that the surface is quite 
hydrophilic. The advancing contact angle for the 2-aA-(εClon/C4)-65% foils was measured at 
46.2 °C (Table 5.2). Since the cells adhere best on  surfaces with moderate hydrophilicity, it is 
Control (TCPS) 2-aA-(εClon/C4)-65% foil 
24 h 
72 h 
120 h 
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likely that the mouse fibroblasts need more time to form contact focal points with the polymer 
surface. 
However, with time, the cells adhere and spread well on the surface. After 72 h of incubation, 
cells on 2-aA-(εClon/C4)-65% foils become confluent and the exact quantitative assessment 
becomes difficult. After 120 h, cell growth in three-dimensions is observed. The cells are still 
vital even though it could have been anticipated that the cells would suffer due to space 
limitation. Further, very few dead cells were observed (more than 97% of the cells are vital), 
both for TCPS and 2-aA-(εClon/C4)-65% foils, indicating that the new material promotes and 
sustains cell growth. 
These live/dead staining results indicate that high nitrogen content (due to high amide group 
concentration and –NH2 end groups) of 2-aA-(εClon/C4)-65% foils makes them a better 
substrate for cell growth and adhesion in comparison to TCPS. 
 
 
5.3.2.2. Cytotoxicity tests 
These tests were conducted to measure the cytotoxicity of the new materials. 2 different 
cytotoxicity test methods were investigated. The first one involves the polymer extract and 
the other involves placing the material on spread out cell cultures on TCPS. 
 
Cytotoxicity test-A: polymer extract on the cells 
Polymer foils were incubated with cell medium at 37 °C for predetermined time periods of 
24 h and 7 days. This cell medium containing the polymer extract was added to cells spread 
and adhered onto TCPS petridishes. Cells were incubated with the medium containing the 
polymer extract at 37 °C and 5% CO 2 for 24 h before their vitality was evaluated. Light 
microscopy pictures are shown in Figure 5.6. It can be clearly seen that polymer extracts of 
both 2-aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-65% foils are non-cytotoxic to the cells as the 
cell vitality is more than 70% with respect to the control. For both time periods, the cells on 
the TCPS petridishes remain adherent and vital.  
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Figure 5.6: Microscopy pictures of pre-seeded mouse fibroblasts on TCPS plates incubated 
with the polymer extract of 2-aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-65% for 24 h and 7 
days. TCPS served as control. (scale bar = 100 µm) 
 
 
Cytotoxicity test-B: Placing the material on the cells 
The second indirect cytotoxicity test was conducted by placing polymer foils on TCPS 
petridishes containing L929 cells that were spread out and adherent for 24 h. The polymer 
foils and cells petridishes were incubated with cell culture media for predetermined times of 
24 and 72 h before their vitality was evaluated. Light microscopy images of the same are 
24 h 7 days 
Control 
2-aA-(εClon/C4)-25% 
2-aA-(εClon/C4)-65% 
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shown in Figure 5.7. This indirect cytotoxicity test was also successful for the polymer foils 2-
aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-65% as the cells are well spread and in a high active 
state of protein biosynthesis.59 
 
 
Figure 5.7: Microscopy pictures of pre-seeded mouse fibroblasts on TCPS plates incubated 
with the polymer foils of 2-aA-(εClon/C4)-25% and 2-aA-(εClon/C4)-65% for 24 and 72 h. 
TCPS served as control. (scale bar = 100 µm) 
 
 
 
 
 
 
Control 
24 h 72 h 
2-aA-(εClon/C4)-25% 
2-aA-(εClon/C4)-65% 
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5.3.3 Degradation behaviour of 3-adjacent amide series of poly(ester amide)s 
 
3-adjacent-amide series of segmented PEAs were obtained by melt polyconsensation of 
dimethyl adipate and varying ratios of 1,4-butanediol and preformed α,ω-diamine (Scheme 
5.2). 
 
(m) H2N-(CH2)4-NH-CO-(CH2)5-NH2  +  (m+n) H3C-O-CO-(CH2)4-CO-O-CH3  +   (n) HO-(CH2)4-OH
CO-(CH2)4-CO-NH-(CH2)4-NH-CO-(CH2)5-NH* co CO-(CH2)4-CO-O-(CH2)4-O *
m nPAru PEru
 
 
Scheme 5.2: General route for the synthesis of 3-adjacent-amide poly(ester amide)s. PAru 
and PEru stand for polyamide repeating unit and polyester repeating unit respectively. 
 
 
Ratio of 1,4-butanediol to the preformed α,ω-diamine (H2N-(CH2)5-CO-NH-(CH2)4-NH2) could 
be varied in such a way so as to obtain poly(ester amide)s with varying amide content and 
block length. Table 5.2 summarizes the theoretical and experimentally obtained ratio of 
amide to ester units ratio for the 3-adjacent amide series of poly(ester amide)s and their 
molecular weight and polydispersity index.  
 
 
Table 5.2: Composition and molecular weights of synthesized 3-aA series of PEAs 
Polymer 
(m/n)th. 
(mol %) 
(m/n)exp.(a) 
(mol %)(b)
 
Mn 
(kDa)(c) 
Mw 
(kDa)(c) PDI
(c) 
Series 
PBA 0/100 0/100 17.7 34 1.93 
3-aA-(εClam/C4)-10% 10/90 10/90 17 32 1.89 
3-aA-(εClam/C4)-25% 25/75 23/77 11.5 23 2.01 
3-adjacent 
amide 
series 3-aA-(εClam/C4)-50% 50/50 50/50 n n  
(a): m and n refer to the percentage of amide and ester repeating units in the PEA; see Scheme 5.2; (b): 
determined by 1H-NMR measured in CDCl3 or TFA-d; (c): from SEC measured in DMF; Mn: number average 
molecular weight; Mw: weight average molecular weight; PDI: polydispersity index; n: insoluble in DMF 
 
 
In order to assess the degradation behaviour of the 3-adjacent amide series of PEAs and 
compare it to the 2-adjacent amide series, hydrolytic degradation of the polymer films was 
Poly(ester amide)s 
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carried out over a time period of 24 weeks at 37 °C  in PBS (pH 7.4). The degradation profiles 
are shown in Figure 5.8. As in the case for the 2-aA PEAs, polymers 3-aA-(εClam/C4)-25% 
and 3-aA-(εClam/C4)-50% show maximum mass loss in the first week of degradation. 
Leaching out of oligomers and small molecules from the polymer matrix account for this 
mass loss. After the first week till the end of 24 weeks, the polymers show steady mass loss. 
At the end of the degradation time, 3-aA-(εClam/C4)-50% has a total mass loss of 
approximately 6.5% where as 3-aA-(εClam/C4)-10% has a mass loss of 1.2%, comparable to 
PBA. 
0 2 4 6 8 10 12 14 16 18 20 22 24
0
2
4
6
M
as
s 
lo
ss
 
(%
)
Degradation time (weeks)
3-aA-(εClam/C4)-50%
3-aA-(εClam/C4)-25%
3-aA-(εClam/C4)-10%
PBA
Figure 5.8: Mass loss profile of 3-aA series of PEAs over 24 weeks in PBS buffer (pH 7.4, 
37 °C). 
 
 
Variation in the number average molecular weight (Mn) and weight average molecular weight 
(Mw) with the degradation time are represented in Figure 5.9. Degraded and pristine polymer 
3-aA-(εClam/C4)-50% were not soluble in the SEC eluting solvent (DMF) and hence, their 
molecular weight could not be measured. Polymers 3-aA-(εClam/C4)-10% and 3-aA-
(εClam/C4)-25% show similar loss of molecular weight as the homopolyester PBA. These 
results along with the mass loss profile show the characteristics of bulk degradation. 
However, based on the mass loss profile of 3-aA-(εClam/C4)-50%, it can be speculated that 
degradation via surface erosion is the main mechanism. 
 
 
Degradation and in-vitro biocompatibility of poly(ester amide)s 
 
 - 160 - 
0 2 4 6 8 10 12 14 16 18 20 22 24
10000
11000
12000
13000
14000
15000
16000
17000
18000
M
n
Time (weeks)
PBA
3-aA-(εClam/C4)-10%
3-aA-(εClam/C4)-25%
(a)
0 2 4 6 8 10 12 14 16 18 20 22 24
20000
22000
24000
26000
28000
30000
32000
34000
3-aA-(εClam/C4)-10%
M
w
Time (weeks)
3-aA-(εClam/C4)-25%
PBA
(b)
Figure 5.9: Molecular weight (a) Mn and (b) Mw as a function of degradation time for 3-aA 
PEAs in PBS (pH 7.4) at 37 °C.  
 
 
Changes in the polymer composition over the entire degradation time were followed by NMR. 
The m/n ratio for the polymer 3-aA-(εClam/C4)-10% did not change over 24 weeks. The 
composition, before and after degradation time, remained the same at 10/90. For the 
polymer 3-aA-(εClam/C4)-25%, m/n ratio changed from 23/77 to 25/75 indicating an increase 
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in the amount of amide content due to ester hydrolysis. 3-aA-(εClam/C4)-50% has the highest 
amide segment content in the 3-aA polymer series and showed a slight change in the 
polymer composition from an initial 50/50 to 49/51. The changes in the composition are 
marginal and are within the error range associated with NMR analysis.  
Thermal properties of the degraded polymers were investigated in order to check for an 
increase in the crystalline content. It is widely accepted that degradation occurs in the 
amorphous phase and hence, the crystalline content of the polymer may increase. However, 
no change in the enthalpy of melting (first heating run in the DSC measurement) for the 
pristine and degraded polymer 3-aA-(εClam/C4)-10% was observed. The melting 
temperature peak increased slightly from 67.8 °C fo r the pristine sample to 71.7 °C for the 6-
month degraded sample. No significant change in the enthalpy of melting, before and after 
degradation, was observed for the polymer 3-aA-(εClam/C4)-50%. However, the melting 
temperature peak increased from 178 °C to 188.6 °C for the 6-month degraded sample. 
IR analyses of the degraded polymer samples did not reveal any change in the bulk of the 
polymer in comparison to the pristine samples. 
SEM images of the polymer foils at various degradation time periods are represented in 
Figure 5.10. The surfaces of polymer 3-aA-(εClam/C4)-10% and 3-aA-(εClam/C4)-25% 
become rough with increasing degradation time and some phase separation is also seen. It 
can be reasoned that the amorphous part degrades leaving behind a sort of network of 
channels. Contrary to these polymers, the surface 3-aA-(εClam/C4)-50% foils remain fairly 
smooth and only small crevices are observed at the end of the 6-month degradation time. 
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Figure 5.10: SEM pictures of the polymer surfaces at specific time intervals of hydrolytic 
degradation for the 3-aA series of PEAs. (scale bar: 20 µm). 
 
 
5.5 Conclusions and outlook 
 
Aliphatic poly(ester amide)s were evaluated on the basis of their hydrolytic degradation 
behaviour, cytotoxicity and adhesion and growth of mouse connective tissue fibroblasts on 
the polymer foils with respective to their potential use in the biomaterials field. By varying the 
ratio of the amide to ester moieties, it is possible to tune various chemical, physical and 
thermal properties. The degradation of the studied PEAs in PBS (pH 7.4) at 37 °C is very 
slow and takes place preferentially through ester bond cleavage. Use of enzymes such as 
lipases or proteases would increase the degradation rate of the poly(ester amide)s. Further, 
an in-vivo study should be carried out in order to evaluate the biocompatibility.  Although the 
hydrolytic degradation tests have been carried out over 6 months, a long term degradation 
PBA 
Foil 2 months 6 months 
3-aA-(εClam/C4)-10% 
 
3-aA-(εClam/C4)-25% 
 
3-aA-(εClam/C4)-50% 
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study or tests performed at high temperature is recommended in order to fully elucidate the 
degradation mechanism. Further, in-vitro biocompatibility tests performed on polymer foils 
show that the polymer are non cytotoxic and promoted and sustained cell growth, making 
them potential candidates for the use in the biomaterials field. 
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 Chapter 6 
 
Electrospinning of poly(ester amide)s containing 
two adjacent amide groups randomly placed along 
the polyester backbone 
 
 
6.1 Introduction 
 
Non-woven fibrous mats can be fabricated by electrospinning and this technique is often 
used due its technical simplicity, versatility, ease of production and reproducibility. It was first 
patented by Formhals in the 1930s1-3 and since then has been applied on many polymers. In 
this process, a polymer solution is charged using a high voltage supplier. As a potential 
gradient is built between the collector and the charged liquid and the electrostatic repulsions 
between similar charges in the solution become stronger, a polymer jet is released from a 
polymer solution droplet, when the electric field strength exceeds the surface tension of the 
liquid. The released polymer jet travels through the atmosphere and as the solvent 
evaporates, polymer fibres are deposited on the collector. Fibres produced from solvent 
electrospinning have diameters ranging from several microns to tens of nanometres.4-6 
Aliphatic polyesters like poly(butylene adipate) or poly(butylene succinate) are biodegradable 
polymers that undergo hydrolytic degradation. However, they lack the physical, surface and 
mechanical properties required for many biomedical applications. Polyamides have high 
solvent resistance, crystallize rapidly and form hydrogen-bonds and therefore, show high 
mechanical strength. However, they have a low rate of hydrolytic degradation. Poly(ester 
amide)s (PEAs) have gained much attention in the last few years as potential biomaterials as 
they combine favourable characteristics of polyesters and polyamides.7-11 By varying the ratio 
of the ester to amide groups, their physico-chemical properties can be tuned to suit the 
application. If the ester content is high, then PEAs are expected to show fast hydrolytic 
degradation and if the amide content is high then they have high mechanical stability. The 
morphology and the thermal properties of PEAs can be influenced by the random8,9,12-15, 
alternating10,16-19 or blocky placement7,20-24 of the amide groups in the polyester backbone. 
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The blocky copolymers, also called segmented PEAs, have broad block length distribution. 
Segmented PEA copolymers are built up from hard and soft domains which are formed via 
self organisation of the polymer chain segments. The hard domains consist of amide groups 
which can crystallize, have a high melting point and can form thermo-reversible physical 
crosslinks via hydrogen-bonding, which contribute to the mechanical strength of the polymer. 
The soft domains consist of ester groups which have a low glass transition temperature (Tg) 
and in case of semi-crystalline ester segments, low melting points.   
Polyamides can be electrospun from solution using formic acid, phenolic or fluoric 
solvents.25,26 Due to the prohibitive costs, high boiling points and/or toxic nature of the 
needed solvents, higher polyamides cannot be economically electrospun which prevents 
their use in many biomedical applications. Electrospinning of polyesters like poly(ε-
caprolactone)27-29 or polylactides30-32 have been investigated in detail, although there are no 
accounts of fabrication of poly(butylene adipate) (PBA) non-wovens using solution 
electrospinning. 
To our best of knowledge, electrospinning of PEAs from solution to fabricate nanofibres has 
not been carried out so far. In this study, we have synthesized segmented aliphatic PEAs by 
melt polycondensation of 1,4-butanediol, dimethyl adipate and a preformed α,ω-amino 
alcohol based on ε-caprolactone and 1,4-diaminobutane. The polymers used in this study 
have been designated as 2-aA-(εClon/C4)-x% where x = 40, 50 or 65% and represents the 
amount of amide segments incorporated in the PBA backbone. Preliminary results show the 
effects of polymer concentration, solvent systems and applied voltage on the morphology of 
the fibres. Adjusting these parameters allows for the preparation of optimal ultrafine fibres. In 
order to explore the potential of PEA nanofibrous membranes in scaffolds for tissue 
engineering applications, morphology and thermal properties are investigated. 
 
 
6.2 Experimental 
 
6.2.1 Materials 
2-Adjacent amide series of PEAs (with 40 to 65% amide segments) were obtained by a 2-
step melt polycondensation reaction as described in Chapter 3 of this thesis. The solvents 
were obtained from Fluka (Germany) and used without further purification. 
Table 6.1 summarizes the composition and the molecular weights of the synthesized PEAs. 
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Table 6.1: Composition and molecular weight of the synthesized 2-aA series of PEAs 
Polymer 
(m/n)th. 
(mol%) 
(m/n)exp.(a) 
(mol%)(b) 
Mn 
(Da)(c) 
Mw  
(Da)(c) PDI
(c) 
2-aA-(εClon/C4)-40% 40/60 41/59 14,300 30,000 2.10 
2-aA-(εClon/C4)-50% 50/50 49/51 13,000 26,800 2.05 
2-aA-(εClon/C4)-65% 65/35 63/37 7,500 14,800 1.98 
(a): m and n refer to the percentage of amide and ester repeating units in the PEA, see later scheme 
6.1;(b): from 1H NMR measured in CDCl3 or TFA-d; see scheme 6.1; (c): from SEC measured in DMF; 
Mn: number average molecular weight; Mw: weight average molecular weight; PDI: polydispersity index 
 
 
6.2.3 Electrospinning parameters 
Polymer solutions with variable concentration (10-30 wt%) were prepared in CHCl3:HCOOH 
(9:1 v/v) or CHCl3:MeOH (3:1 v/v). The solution was pumped through a 20-gauge, flattipped, 
stainless steel spinneret at a flow rate of 0.1 mL/h. A high negative voltage varying from 15-
30 kV was applied to the polymer solution via a high voltage power supply (Bertan Series 
205B, NY). The distance between the spinneret and the collector was kept constant at 20 
cm. SEM stubs (14 mm diameter) covered with aluminium foil were used to collect the 
electrospun fibres.  
 
6.2.4 Measurements 
Scanning electron microscope: The samples were gold-coated (S150B Sputter Coater, 
Edwards), and imaged with SEM (Cambridge S360, Leica, Germany) using an accelerating 
voltage of 15 kV. Fibre diameters were calculated using SEM and are presented as average 
± standard deviation. Representative images are presented.  
Conductivity of solvents: Conductivity measurements were carried out on a Mettler Toledo 
(Germany) Seven Multi apparatus equipped with Mettler Toledo (Germany) InLab 730 
conductivity sensor. All measurements were performed at room temperature. 
Differential scanning calorimetry: DSC was conducted on a Netzsch DSC 204 unit equipped 
with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply system). Indium was 
used as a calibration standard. Samples (typical weight, 5-7 mg) were enclosed in standard 
Netzsch 25 µL aluminum crucibles. The measurement was carried out at heating and cooling 
rates of 10 K/min from -75 to 300°C under a continu ous nitrogen flow (50 mL/min). Three 
successive runs (heating-cooling-heating) were performed for each sample. Here, the forst 
heating and cooling scans have been reported. 
Fourier transform infrared spectroscopy: FT-IR spectra were recorded on a Thermo Nicolet 
Nexus 470 spectrometer equipped with a MTEC photoacoustics model 200. The resolution 
was 8 cm-1 and 1000 scans were taken per spectrum. 
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Nuclear magnetic resonance: 1H NMR spectra were recorded on a Varian Mercury 
spectrometer at 300 MHz. Deuterated solvents (chloroform, dimethylsulphoxide or trifluoro 
acetic acid) were used and tetramethylsilane served as internal standard.  
Size exclusion chromatography: SEC analyses were carried out at 30 °C using a 
high-pressure liquid chromatography pump (Bischoff 2250) and a refractive index detector 
(Jasco). The eluting solvent was dimethylformamide (DMF) with 1.00 g/L LiBr and a flow rate 
of 1.0 mL/min. Four columns with PSS GRAM material were applied. The length of the pre-
column was 50 mm and the diameter 8mm. The remaining three columns had a length of 
300 mm, diameter of 8 mm, particle size of 10 µm, and the nominal pore widths were 100, 
1000 and 1000 Å. Calibration was achieved using narrow distributed poly(methyl 
methacrylate) standards.  
 
 
6.3 Results and Discussion 
 
Poly(ester amide)s combine the favourable characteristics of polyesters and polyamides. The 
rate of degradation and the mechanical strength can be tuned by varying the microstructure 
of the repeating units and the ratio of ester to amide groups. Due to this versatility in 
synthesis, PEAs hold an immense potential for use in various applications.  
A schematic representation of the PEAs synthesized for this study is shown in Scheme 6.1. 
The theoretical and experimental compositions of the synthesized PEAs (Table 6.1) are in 
good agreement, indicating that the polymerization reactions were successful. The ratio of 
the amide to ester segment affects the properties and morphology of the polymer. The 
influence of the polymer microstructures on the fibre diameter and the spinning behaviour will 
be evaluated. 
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Scheme 6.1: Synthesis of 2-adjacent amide series of PEAs synthesized by the 
polycondensation of preformed α,ω-amino alcohol, 1,4-butanediol and dimethyl adipate. PAru 
stands for polyamide repeating unit and PEru stands for polyester repeating unit. 
 
 
6.3.1 Electrospinning of PEAs 
Although electrospinning is a relatively simple technique to produce non wovens, the fibre 
structure and homogeneity are dependent on a number of parameters. Variation of the 
polymer microstructure, solvent polarity (conductivity) and vapour pressure, solution 
concentration (viscosity), electrospinning parameters (applied voltage, flow rate, distance 
between the spinneret and collector), temperature or humidity, among others, can influence 
the morphology of the non wovens. In this study, the role of solvents, polymer microstructure, 
polymer concentration and applied voltage on the electrospun PEA fibres was investigated. 
 
6.3.1.1 Effect of solvents  
Solution properties such as conductivity, polarity, vapour pressure and surface tension play 
an important role in the electrospinning process as they determine the degree of stretching of 
the polymer solution. In addition, the rate of solvent evaporation influences the viscosity of 
the solution as it is being stretched. Therefore, the role of different solvents on the 
morphology of the fibres was investigated. Electrospinning of poly(ester amide)s was carried 
out from chloroform (CHCl3) and mixtures of chloroform with methanol (MeOH) and formic 
acid (HCOOH) i.e. CHCl3:MeOH (3:1 v/v) and CHCl3:HCOOH (9:1 v/v) keeping all other 
parameters constant. Table 6.2 summarizes the physical constants of the above mentioned 
solvents. 
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Table 6.2: Physical constants of the solvents used 
Solvent 
Dielectric 
constant* 
Viscosity 
(mPa s)* 
Boiling point 
(°C)* 
Conductivity 
(µS/cm) 
CHCl3 4.807 0.537 61.17 0.001 
MeOH 33 0.544 64.6 6.15 
HCOOH 51.1 1.607 101 141.3 
CHCl3:MeOH (3:1 v/v)    0.880 
CHCl3:HCOOH (9:1 v/v)    1.253 
*Source: CRC handbook of Chemistry and Physics, 85th Edition, 2004-2005 
 
 
As listed in Table 6.2, CHCl3 has a low dielectric constant, conductivity and boiling point. 
Although the low boiling point of CHCl3 is favourable in a way that the solvent would 
evaporate quickly as the electrospinning jet reaches the collector, its low dielectric constant 
and conductivity would not stretch the polymer solution significantly. MeOH and HCOOH 
have higher dielectric constant and conductivity than CHCl3 and consequently, the stretching 
of the polymer solution should be of a greater extent. If the charge carrying capacity of the 
solution increases, the electrospinning jet would carry more charges and the repulsion 
between similar charges would stretch the solution, thereby increasing the probability of 
obtaining fibres. However, the drawback of using pure HCOOH as the solvent could be its 
relatively high boiling point as compared to CHCl3. As the PEA non wovens are potential 
candidates for use as tissue engineering scaffolds, it would be important not to have any 
solvent residues in the mesh. With this consideration, solvent mixtures with only a small 
amount of HCOOH in CHCl3 were used. An alternative to HCOOH would be MeOH, as it has 
a lower boiling point than HCOOH, but it also has lower conductivity and lower dielectric 
constant. 
 
Exemplarily, the morphology of electrospun 2-aA-(εClon/C4)-50% from CHCl3 and its 
mixtures with MeOH and HCOOH is shown in Figure 6.1.  
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Figure 6.1: SEM micrographs showing the electrospun fibres obtained from a 20 wt% 
polymer solution of 2-aA-(εClon/C4)-50% in a) CHCl3, b) CHCl3:MeOH (3:1 v/v) and  c) 
CHCl3:HCOOH (9:1 v/v). All samples were prepared using 20 kV applied voltage. 
 
 
As speculated, using pure CHCl3 resulted in electrospraying instead of electrospinning 
(Figure 6.1a). As the dielectric constant of the solution increased by using mixtures of 
CHCl3/MeOH and CHCl3/HCOOH , the morphology of the electrospun polymer changed from 
spindle like (Figure 6.1b) to homogeneous fibres having diameter in the nanometer range 
(Figure 6.1c). As explained above, the addition of a small amount of HCOOH to CHCl3 led to 
the generation of uniform fibres due the increased charge carrying capacity of the solution. 
As a result, bead formation is eliminated and smooth and homogeneous fibres are formed.  
Although electrospinning of 2-aA-(εClon/C4)-50% from CHCl3:MeOH (3:1 v/v) solution gave a 
spindle like morphology, an increase in the polymer concentration could result in uniform 
fibres. A 30 wt% solution of 2-aA-(εClon/C4)-50% in CHCl3:MeOH (3:1 v/v) was electrospun 
and the resulting fibre morphology is shown in Figure 6.2a. For comparison, electrospun 
fibres from 30 wt% solution of 2-aA-(εClon/C4)-50% in CHCl3:HCOOH (9:1 v/v) are shown in 
Figure 6.2b. 
 
c 
b a 
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Figure 6.2: SEM micrographs showing the electrospun fibres obtained from a 30 wt% 
polymer solution of 2-aA-(εClon/C4)-50% in a) CHCl3:MeOH (3:1 v/v) and  b) CHCl3:HCOOH 
(9:1 v/v). All samples were prepared using 20 kV applied voltage. 
 
 
When 30 wt% solution of 2-aA-(εClon/C4)-50% was spun from CHCl3:MeOH (3:1 v/v), the 
spindle like morphology gave way to smooth, thick fibres with an average diameter of 1560 ± 
650 nm (Figure 6.2a). Fibre diameters ranging from micrometer to nanometer were 
observed. When CHCl3:HCOOH (9:1 v/v) was used (Figure 6.2b), the average measured 
fibre diameter was 401 ± 135 nm. Lee et al.28 have shown that solvents with high dielectric 
constant contribute significantly to the diameter reduction of the jet. As the bending instability 
of the electrospinning jet increases, the jet path is increased and consequently, the fibre 
diameter reduces. Another explanation for the reduction of the fibre diameter by the addition 
of formic acid is that the conductivity of the polymer solution increases (as compared to when 
only pure chloroform is used). Higher conductivity of the solution implies that the 
electrospinning jet carries more charges and due to the self repulsion of these excess 
charges, the jet gets stretched and consequently leads to reduction of the fibre diameter.33 
Therefore, in the following experiments, electrospinning from the solvent mixture 
CHCl3:HCOOH (9:1 v/v) will be considered. 
 
 
6.3.1.2 Effect of microstructure and polymer concentration 
Polymer concentration is one of the most effective parameters for changing the fibre 
morphology.  Uniform fibres are obtained when the polymer solution jet gets stretched as it 
travels from the spinneret tip to the collector. During the stretching of the jet, it is the 
entanglement of the molecule chains that prevents the jet from breaking up and thus fibres 
are obtained. As the polymer concentration is increased, the viscosity of the solution goes up 
and subsequently, the probability of obtaining fibres also increases.33,34 The effect of polymer 
concentration (from 10 to 30 wt%) was evaluated while keeping parameters such as applied 
a b 
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voltage (20 kV), spinneret (20 G) and spinneret-collector distance (20 cm) constant. At 
concentrations higher than 30 wt%, the electrospinning process was hard to maintain due to 
the high viscosity of the solution and this resulted in the droplet drying out before a constant 
jet could be formed. 
 
Polymer 2-aA-(εClon/C4)-40% 
As shown in Figure 6.3a, low polymer concentration (10 wt%) solution yielded mainly bead-
fibre morphology. Due to its possibly low solution viscosity, the electrospinning jet was 
instable and both processes –electrospinning and electrospraying were present. It is also 
possible that the electrospinning jet reached the collector before all solvents were 
evaporated and solidified without getting stretched by the electric field. An increase in the 
polymer concentration to 20 wt% yielded homogenous fibres in the range 241 ± 34 nm and at 
30 wt%, the average fibre diameter obtained was in the 309 ± 50 nm range. 
 
        
 
Figure 6.3: SEM images of 2-aA-(εClon/C4)-40% electrospun at different concentrations in 
CHCl3:HCOOH (9:1 v/v):  a) 10 wt%, b) 20 wt% and c) 30 wt%. Voltage of 20 kV was used. 
 
 
 
 
a 
c 
b 
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Polymer 2-aA-(εClon/C4)-50% 
By increasing the amide content in the polymer, it is expected that bead formation is 
suppressed due to the better interaction of the macromolecules (higher concentration of 
hydrogen bonding). Figure 6.4 shows the effect of increasing polymer concentration of 2-aA-
(εClon/C4)--50% on the non woven morphology.   
 
            
 
Figure 6.4: SEM images of a) 10 wt%, b) 20 wt% and c) 30 wt% polymer concentration of 2-
aA-(εClon/C4)-50% electrospun from CHCl3:HCOOH (9:1 v/v). All samples were prepared at 
an applied voltage of 20 kV. 
 
 
Even at low polymer concentration of 10 wt% (Figure 6.4a), a bead-fibre morphology is seen, 
although the number of beads and their size were considerably reduced in comparison to 2-
aA-(εClon/C4)-40%. The fibres have an average diameter of 220 ± 47 nm and beads size is 
reduced to 1.57 ± 0.26 µm. With an increase in the polymer concentration to 20 wt%, 
homogeneous and uniform fibres with a diameter of 375 ± 65 nm were obtained (Figure 
6.4b). As the polymer concentration was further increased to 30 wt%, slightly thicker fibres 
with a diameter of 401 ± 135 nm were observed (Figure 6.4c).  
 
 
a b 
c 
 10 µm 
 10 µm 
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Polymer 2-aA-(εClon/C4)-65% 
Among the series of PEAs investigated, 2-aA-(εClon/C4)-65% has the highest amount of 
amide content. It can be therefore expected that the electrospun fibre quality improves in 
comparison to those from 2-aA-(εClon/C4)-40% and 2-aA-(εClon/C4)-50%. Representative 
SEM images of 2-aA-(εClon/C4)-65% electrospun from CHCl3:HCOOH (9:1 v/v) are shown in 
Figure 6.5. 
 
         
 
Figure 6.5: SEM images of a)10 wt%, b) 20 wt% and c) 30 wt% 2-aA-(εClon/C4)-65% in 
HCOOH/CHCl3 (1:9 v/v). All samples were prepared at an applied voltage of 20 kV. 
 
 
The average fibre diameter increases from 186 ± 38 nm for 10 wt% polymer concentration 
(Figure 6.5a) to 428 ± 63 nm for 30 wt% polymer (Figure 6.5c). In the case of 2-aA-
(εClon/C4)-65%, uniform fibres in the nanometer range are obtained even for low polymer 
concentrations as the higher content of amide groups enhances the electrospinning ability of 
the polymer. As expected, the viscosity of the polymer solutions increases as the 
concentration of the polymer increases and hence, the increase in the fibre diameter. 
In general, the formation of bead-fibre morphology can be attributed to numerous 
phenomena. A driving force towards bead formation is the viscoelastic relaxation and work of 
the surface tension upon reduction of the electrostatic (Coulumbic) forces, once the fibres 
a b 
c 
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are in contact with the grounded target.34,35 However, this is possible only when the complete 
evaporation of the solvent from the jet does not take place prior to its deposition on the 
target, causing some parts of the partially discharged jet to contract and form beads. The 
amount of solvent evaporation from the charged jet depends on factors such as the boiling 
point of the solvent, initial concentration of the solution, ambient temperature and the total 
path length that the jet travels from the spinneret to the collector which is highly dependent 
on the bending instability.33,36 
The above explanation is in line with the observation that by increasing the polymer 
concentration, a change in the morphology (from bead-fibre to uniform fibres) is attained. 
With increasing polymer concentration, the initial amount of solvent decreases so that it can 
evaporate faster from the charged jet. A direct consequence of the increased polymer 
concentration is that it enables the charged jet to withstand a larger stretching force (from the 
electrostatic forces), resulting in the observed increase in the fibre diameter. 
Table 6.3 summarizes the results obtained for the variation of PEAs and polymer 
concentration using different solvent systems. 
 
Table 6.3: Fibre diameter, bead size and morphology obtained with increasing polymer 
concentration in different solvent systems at constant voltage of 20 kV, 20 cm spinneret-
collector distance and 0.1 ml/h flow rate 
 
Polymer Solvent system Concentration 
of polymer 
(wt%) 
Morphology Fibre 
diameter 
(nm) 
Bead size 
(µm) 
10 Bead + fibre 260 ± 39 1.19 ± 0.35 
20 Fibre 241 ± 34  
2-aA-
(εClon/C4)-
40% 
CHCl3/HCOOH 
(9:1 v/v) 
30 Fibre 309 ± 50  
10 Bead + fibre 110 ± 55 2.8 ± 0.9 
20 Bead + fibre 374 ± 65 2.97 ± 0.6 
CHCl3/MeOH 
(3:1 v/v) 
30 Fibre 1560 ± 650  
10 Bead + fibre 220 ± 47 1.57 ± 0.26 
20 Fibre 375 ± 65  
 
 
2-aA-
(εClon/C4)-
50% 
CHCl3/HCOOH 
(9:1 v/v) 
30 Fibre 401 ± 135  
10 Fibre 186 ± 38  
20 Fibre 271 ± 20  
2-aA-
(εClon/C4)-
65%  
CHCl3/HCOOH 
(9:1 v/v) 
30 Fibre 428 ± 63  
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The effect of the polymer microstructure can be evaluated by comparing the fibre 
morphology of the different PEAs at low polymer concentration (Figure 6.3a, 6.4a and 6.5a). 
Incorporation of the amide segments in the polyester backbone changes the polymer from 
having properties of a polyester to those of a polyamide. As the amide content increases, the 
ability of self organisation in hard and soft domains increases. Hard domains are formed by 
the crystallization process favoured by hydrogen bonding (between the amide-amide and 
ester-amide groups) that acts as physical crosslinks. As the solubility of the polymer in the 
solvent system decreases with increasing amide content, the electrospinning process is 
favoured. SEM images of 2-aA-(εClon/C4)-40% (Figure 6.3a) and 2-aA-(εClon/C4)-50% 
(Figure 6.4a) show a bead-fibre morphology where as smooth fibres are formed from 2-aA-
(εClon/C4)-65% with an average diameter of 186 ± 38 nm (Figure 6.5a). Even at low polymer 
concentration, the amount of hard segment content plays an important role in the 
electrospinning of the polymer.37,38 The strong interactions between the hard domains are 
responsible for the generation of the smooth fibres. Thus, with an increase in the hard 
segment (and correspondingly the amount of amide content) from ~40% to ~65%, the 
possibility to obtain uniform and homogeneous fibres was also higher. 
 
6.3.1.3 Effect of applied voltage 
Variation of voltage and its resulting electrical field is a parameter by which the morphology 
of the electrospun fibres can be influenced, as it affects the stretching and acceleration of the 
electrospinning jet. The effect of increasing the applied voltage (15, 20 and 30 kV) on the 
fibre diameter was investigated, keeping the concentration of the polymers 2-aA-(εClon/C4)-
40%, 2-aA-(εClon/C4)-50% and 2-aA-(εClon/C4)-65% constant at 20 wt% in CHCl3:HCOOH 
(9:1 v/v). 
The Coulumbic repulsion force between charges of the same polarity produced in the 
polymer solution by the electrode destabilises the initially formed hemi-spherical droplet to a 
droplet with conical shape (Taylor’s cone). Taylor demonstrated that this cone has a semi 
vertical angle of 49.3°. 39 When the applied voltage and hence, the electrostatic field strength, 
exceeds this critical value, the Coulumbic repulsion force exceeds that of the surface tension. 
This results in the ejection of an electrically charged stream of the polymer solution. In our 
experiments, below the critical value of 15 kV, no fibres were obtained. The average fibre 
diameter obtained at different voltages for the polymers is listed in Table 6.4.  
 
 
 
 
 
Electrospinning of poly(ester amide)s 
 
 - 180 - 
Table 6.4: Variation of the average fibre diameter with increasing voltage. 
Average fibre diameter (nm) 
Polymer 
15 kV 20 kV 30 kV 
2-aA-(εClon/C4)-40%  228 ± 34 241 ± 34 299 ± 86 
2-aA-(εClon/C4)-50% 170 ± 50 375 ± 65 347 ± 110 
2-aA-(εClon/C4)-65%  271 ± 34 271 ± 20 308 ± 99 
 
It would be expected that with higher voltages, higher stretching of the jet would in turn 
reduce the fibre diameter.33 However, no such reduction in the PEA fibre diameter was 
observed. In the case of 2-aA-(εClon/C4)-40% and 2-aA-(εClon/C4)-65%, a marginal increase 
in the fibre diameter was measured. Overall, broadening of the fibre diameter distribution 
was also observed. The higher applied voltages unbalance the jet splay’s viscous interaction 
and surface tension leading to destabilising the Taylor cone and consequently to less control 
of the fibre diameter distribution.31,40 
 
6.3.2 Analyses of electrospun fibres 
To check if electrospinning changed the polymer structure, pristine and electrospun fibres 
were compared by IR and DSC analyses. Exemplarily, the IR and DSC scans for 2-aA-
(εClon/C4)-65% are depicted in Figure 6.6 and 6.7 respectively. 
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Figure 6.6: IR spectra of pristine and electrospun 2-aA-(εClon/C4)-65% in the wavenumber 
range of 1800-650 cm-1. 
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As seen in Figure 6.6, IR-bands for pure polymer of the sample 2-aA-(εClon/C4)-65% are 
seen at ~1640 cm-1 (Amide I, C=O stretch) and ~1540 cm-1 (Amide II, C-N stretch + C(O)-N-H 
bend). These peaks are characteristic of the trans, planar conformation of the amide group. 
The peak at ~1540 cm-1 is also characteristic of the α-phase found in nylons. Characteristic 
IR bands, well known for the α-crystalline phase found in nylons, were observed at  ~1470 
cm-1 and ~1418 cm-1 (CH2 groups adjacent to the NH and CO respectively), ~690 cm-1 
(Amide V, out-of-plane bend of the N-H group) and ~580 cm-1 (Amide VI, out-of-plane bend 
of the C=O group).41 Based on the assignments in Figure 6.6, it can be concluded that the 
PEAs take up the α-phase as found in nylons. On comparison, the same IR bands were 
found for both bulk and electrospun 2-aA-(εClon/C4)-65%, indicating that they have the same 
chain conformation. However, there were differences in the band intensities. IR band, in the 
pristine polymer sample, at ~1175 cm-1 indicates the presence of amorphous components. 
The IR-band for the electrospun fibres at ~1175 cm-1 is higher in intensity and those at ~1470 
cm-1 and ~1418 cm-1 weaker in intensity, compared to the original polymer sample, indicating 
that the electrospun fibres have higher amorphous content as compared to the pristine 
samples.  
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Figure 6.7: DSC heating and cooling scans at 10 K/min for pure and electrospun 2-aA-
(εClon/C4)-65%. 
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Thermal analysis of the original and electrospun samples is depicted in Figure 6.7. Only the 
first heating and cooling runs are shown. The samples were heated and cooled at a rate of 
10 K/min. The thermal analysis reveals the presence of multiple endotherms and exotherms. 
In the first heating cycle, the melting peaks at ~50 °C (T m,low) and ~148 °C (T m,high) can be 
attributed to the melting of ester and amide crystals respectively. On cooling, melt 
crystallized samples showed multiple exotherms at ~115 °C (T c,high) and ~85 °C (T c,low), 
revealing the presence of different crystallites. If the amide and ester groups would have 
crystallized separately, then the crystallization exotherm for ester should have appeared 
around 40 °C or even lower. Since no crystallizatio n peak is observed in this low temperature 
range, the presence of pure ester crystals is not possible. The origin of multiple crystallites in 
segmented PEAs has been investigated by Lips et al.7 and they have shown that ester-amide 
sequences can co-crystallize from the melt. The co-crystallization of ester-amide sequences 
can take place in such a way that either crystals containing single ester-amide sequence or 
crystals containing two or more ester-amide sequences can be formed. The lower 
crystallization temperature of ~85 °C (T c,low) can be attributed to the formation of the crystal 
containing a single ester-amide sequence and the higher crystallization temperature (~115 
°C; T c,high) belongs to the crystal where 2 or more ester-amide sequences exist.  
Table 6.5 summarizes the thermal properties of the pristine and electrospun 2-aA-(εClon/C4)-
65% samples. 
 
Table 6.5: Thermal properties of original and electrospun 2-aA-(εClon/C4)-65% 
 Heating run Cooling run 
2-aA-
(εClon/C4)-
65% 
Tm,low 
(°C) 
∆Hm,low 
(J/g) 
Tm,high 
(°C) 
∆Hm,high 
(J/g) 
Tc,low 
(°C) 
∆Hc,low 
(J/g) 
Tc,high 
(°C) 
∆Hc,high 
(J/g) 
Original 50.2 28.6 148.6 34.46 86.9 -4.44 112 -14.42 
Electrospun 48 16.41 148.1 33.27 85.2 -4.3 115.7 -13.07 
 
The 2-aA-(εClon/C4)-65% electrospun fibres show similar shaped endo- and exotherms as 
the pristine polymer samples. However, the enthalpies of melting and crystallization of the 
electrospun fibres are slightly lower than those for the original polymer. These results, along 
with those from the IR analysis show that the electrospun fibres have a higher amorphous 
content than the original polymer sample. 
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6.4 Conclusions 
 
We have shown that novel poly(ester amide)s can be successfully electrospun from solution. 
The non wovens had a three-dimensional, interconnected pore structure with randomly 
oriented fibres. The influence of various electrospinning parameters on the nanofibre 
diameter was evaluated. Smooth and homogeneous ultra fine fibres are obtained as the 
amide content increases. Uniform fibres with varying diameters could be produced by varying 
the concentration of the solution and the voltage. The optimal conditions for obtaining fibres 
in the nanometer range were found to be: 20 kV voltage and the use of CHCl3/HCOOH (9:1 
v/v) as the solvent system. Thermal and IR analyses show that the electrospun fibres have 
higher amorphous content in comparison to the pristine polymer samples. These preliminary 
results show that non-wovens with varying fibre diameters can be fabricated from these 
novel poly(ester amide)s and they are potential candidates for tissue engineering. 
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 Chapter 7 
 
Dispersion of silica nanoparticles in polyamide 
 
 
7.1 Introduction 
 
Particle-filled polymer composites have attracted strong interest for a long time because of 
their widespread applications in the automobile1, household, and electrical industries.2 
Traditionally, the reinforcing fibres are mechanically blended into the polymer matrix and the 
resulting composites have macroscale domain sizes varying from micrometer to the 
millimetre scale. The properties of a polymer-reinforced composite are mostly influenced by 
the shape, size, composition, state of agglomeration and degree of matrix-filler adhesion.3 In 
the recent years, emphasis has been shifted from the traditional composites to the inorganic-
organic hybrid nanocomposites. The inorganic fillers in the nanoscale (from 1 to 100 nm) 
have gained special attention due to the fact that nanoparticles have high adsorption 
energies4, high surface to volume ratio, and can be easily functionalized to give rise to new 
material properties. Decreasing the inorganic filler size to the nanometer scale increases the 
interfacial interaction between the filler and the polymer matrix and leads to a breakdown of 
the common ‘rule of mixture’ theory.5 This breakdown results in the expected global 
properties being more strongly affected by the interfacial interactions than the bulk phase 
properties. 
Numerous research groups have shown that the incorporation of inorganic nanoparticles into 
the polymer matrix leads to an enhancement of the mechanical, magnetic and optical 
properties among others.6 These nanostructured materials often exhibit combinations of 
physical and mechanical properties which are not achievable with conventional fillers. 
Recently it has also been shown that the melt viscosity of polymers can be reduced by 
adding small amounts of nanoparticles. In the work of Mackay7 cross-linked polystyrene (PS) 
nanoparticles (3-5 nm) were dispersed in a PS matrix and the melt viscosity of PS decreased 
by the addition of less than 1 wt% of nanoparticles. The authors explained this phenomenon 
by the increase of free volume upon the addition of nanoparticles, which has been proven by 
the decrease of the glass transition temperature. Since the particles are very small, even at 
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very low concentrations the distance between the particles is already smaller than the radius 
of gyration of the polymer chains; the polymer coils are, hence, confined. This confinement 
leads to the depletion of the polymer chains from the gaps between the particles. 
The introduction of nanosized inorganic fillers in the polymer matrix can be achieved by the 
following methods:8,9  
1. In-situ sol-gel technique10,11: Typical precursors are metal alkoxides and metal 
chlorides that undergo hydrolysis and polycondensation reaction to form inorganic 
metal oxides under mild conditions. The most commonly used precursor in this 
method is tetraalkoxysilane, a precursor of silicon dioxide. The disadvantage of this 
method is that large quantities of organic solvent are needed. 
 
2. In-situ polymerization8,12,13: Nanosized inorganic fillers are mixed with the monomers 
followed by polymerization. In-situ intercalative polymerization is an example that is 
commonly used to prepare polymer/clay nanocomposites. 
 
3. Melt blending of nanoparticle powders with polymer14,15: Melt intercalation is one 
example, whereas a molten polymer is directly intercalated into the galleries of the 
layered silicate host.  
 
Polyamides (PA) are recognized for their outstanding properties in terms of thermal stability, 
mechanical properties, high glass transition temperature and good resistance to solvents. 
However, reduction of melt viscosity of nylon is important for certain commercial applications 
like injection moulding. The incorporation of silicates is one method by which melt viscosity of 
PAs can be significantly reduced. Shah et al.16 have used organoclays and low molecular 
weight nylons by melt mixing in high molecular weight nylons. Lew et al.17 have produced 
nylon 12-layered silicate nanocomposites by melt compounding. They found an 
enhancement in the mechanical properties and a significant reduction in the melt viscosity.  
PA based nanocomposites were first reported by Fujiwara and Sakamoto in 1976.18 Sumita 
et al.19 emphasized the advantages of using nano over micrometric silica particles. Many 
researchers have shown that by the inclusion of nanoparticles, an increase in the yield 
strength, tensile modulus and heat distortion temperatures of composites compared to the 
PA can be achieved. 
Different methods have been employed to generate PA-silica nanocomposites. In-situ 
polymerization of ε-caprolactam with nano silica has been used by Yang et al.8 and van Zyl 
et al.9 Giraldo et al.20 have reinforced PA with 2 wt% of multiwall carbon nanotubes and 2 
wt% silica nanoparticles (prepared via Stöber’s method) using in-situ polymerization. 
Generation of silica from sol-gel process has also been used by many researchers. Zhao et 
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al.21 have carried out in-situ polymerization from ε-caprolactam and functionalised TEOS as a 
silica precursor. Sengupta et al.22 have generated silica in-situ in the PA-6,6 matrix from 
TEOS using a sol-gel process. Sol-gel process to generate silica from TEOS in aramides has 
been investigated by Sarwar et al.23 Melt extrusion of PAs with nano silica has been another 
approach to reinforce the polyamides.24,25 
 
Polyalkoxysiloxane (PAOS) is a unique precursor polymer of silica with a high potential for 
chemical modification.26,27 It is a hyperbranched polymer with additional internal cyclic 
substructure. PAOS is not volatile and has high SiO2 content up to 60 wt%. The structure of 
PAOS is shown in Figure 7.1. 
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Figure 7.1: Schematic drawing of the molecular structure of PAOS containing ethoxy end 
groups. 
 
In this work we intend to prepare silica-PA nanocomposites via the combination of in situ 
polymerization and solvent-free sol gel reaction using PAOS derivatives as silica precursor, 
aiming at a homogenous distribution of small silica particles in the PA matrix. Scheme 7.1 
shows the possible routes to prepare PA-silica nanocomposites.  
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Scheme 7.1: Various strategic routes for the incorporation of silica nanoparticles in the PA 
matrix. 
 
 
7.2 Experimental 
 
7.2.1 Materials 
 ε-Caprolactam (synthesis grade, Merck), AH-salt (BASF, Germany), 6-aminocaproic acid 
(synthesis grade, Sigma-Aldrich), tetraethoxysilane (for synthesis, Merck), acetic anhydride 
(synthesis grade, Merck) and tetrakis(trimethylsiloxy) titanium (ABCR) were used without 
further purification. 
 
7.2.2 Synthesis of PAOS26 
Tetraethoxysilane (258.72 g, 1.24 mol) was mixed with acetic anhydride (135 g, 1.32 mol) 
and tetrakis(trimethylsiloxy) titanium (0.3 mol% of acetic anyhydride) under an argon 
atmosphere in a 1 L three-neck round-bottom flask equipped with a mechanical stirrer and a 
30 cm dephlagmator connected with a distillation bridge. The mixture was heated to 135 °C 
in a silicon oil bath under intensive stirring. The resulting ethyl acetate was continuously 
distilled off. The supply of heat was continued until the distillation of ethyl acetate stopped. 
Afterward, the product was cooled to room temperature and dried in vacuum for 5 h. A 
yellowish oily liquid was obtained. The volatile compounds were completely removed with a 
vacuum thin-film evaporator (type S 51/31; Normag, Germany) equipped with a rotary vane 
vacuum pump (model RZ-5; Vaccubrand, Germany), magnetic coupling (Buddelberg, 
(ε-Caprolactam + H2O) + PAOS 
6-Aminocaproic acid + PAOS 
PA-6/SiO2 composite 
 
PA-66/SiO2 composite 
Commercial PA-6/PA-66 + PAOS 
AH salt + PAOS 
Water for the PAOS conversion will be 
released from the polycondensation 
reaction. 
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Germany) for the stirrer (model RZR 2020, Heidolph, Germany) operating at the highest level 
10 and a heating device. The operating temperature was 150 °C and the pressure was (1-2) 
x 10-2 mbar. 
 
7.2.3 Synthesis of modified PAOS: CH3-PAOS 
Tetraethoxysilane (208.3 g, 1 mol) acetic anhydride (168.4 g, 1.65 mol), 
triethoxymethylsilane (89.15 g, 0.5 mol) and tetrakis(trimethylsiloxy) titanium (0.3 mol% of 
acetic anyhydride) were mixed together under an argon atmosphere in a 1 L three-neck 
round-bottom flask equipped with a mechanical stirrer and a 30 cm dephlagmator connected 
with a distillation bridge. The mixture was heated to 135 °C in a silicon oil bath under 
intensive stirring. The resulting ethyl acetate was continuously distilled off. The supply of heat 
was continued until the distillation of ethyl acetate stopped. Afterward, the product was 
cooled to room temperature and dried in vacuum for 5 h. A yellowish oily liquid was obtained. 
The volatile compounds were completely removed with a vacuum thin-film evaporator (type S 
51/31; Normag, Germany) equipped with a rotary vane vacuum pump (model RZ-5; 
Vaccubrand, Germany), magnetic coupling (Buddelberg, Germany) for the stirrer (model 
RZR 2020, Heidolph, Germany) operating at the highest level 10 and a heating device. The 
operating temperature was 150 °C and the pressure w as (1-2) x 10-2 mbar. 
 
1H NMR (300 MHz, CDCl3): δ = 3.9-3.8 (m, 2H, OCH2CH3), 1.2-1.0 (m, 3H, OCH2CH3), 0.4-
0.1 (m, 3H, SiCH3) 
 
The same procedure was followed for the synthesis of C16H33-PAOS and Cl-(CH2)3-PAOS. 
 
NMR analysis of C16H33-PAOS: 
1H NMR (300 MHz, CDCl3): δ = 3.9-3.8 (m, 2H, OCH2CH3), 3.6-3.55 (m, 3H, OCH3), 1.5-1.25 
(m, 3H, OCH2CH3), 1.5-1.25 (m, 2H, SiCH2CH2), 0.9-0.8 (m, 3H, Si(CH2)15CH3),  0.7-0.6 (m, 
2H, SiCH2) 
 
NMR analysis of Cl-(CH2)3-PAOS: 
1H NMR (300 MHz, CDCl3): δ = 3.9-3.8 (m, 2H, OCH2CH3), 3.6-3.55 (m, 3H, OCH3), 3.4-3.3 
(m, 2H, ClCH2), 1.5-1.25 (m, 3H, OCH2CH3), 1.5-1.25 (m, 2H, SiCH2CH2), 0.7-0.6 (m, 2H, 
SiCH2) 
 
7.2.4 Synthesis of PA-6 (lab scale) 
ε-Caprolactam (15 g, 0.13 mol) and distilled H2O (1.5 g, 10 wt% of ε-caprolactam) were 
placed in a Büchi reactor (60 mL capacity) equipped with a stirrer, heating jacket and gas 
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inlet and outlet. The reactor was flushed with nitrogen 3 times to remove all traces of oxygen. 
Nitrogen was pumped inside the reactor to maintain a pressure of 15 bars. The contents 
were heated to 280 °C over one hour and then stirri ng was started. The molten mixture was 
stirred for another one hour. Subsequently, the pressure inside the reactor was released 
slowly over 30 minutes. Under a continuous stream of nitrogen, polycondensation was 
carried out for 2 hours. The product was taken out in the molten state. 
The same procedure was employed for the synthesis of PA using 6-aminocaproic acid, 
where no water was added to the reactant. 
The synthesis of PA-silica nanocomposite was performed as described above. The reactants 
used were 6-aminocaproic acid and PAOS (10 wt% of 6-aminocaproic acid). 
 
7.2.5 Synthesis of PA-6 (BASF 2L reactor) 
Pressurized reaction: 
 ε-Caprolactam (400 g, 3.54 mol) and distilled water (40 g, 10 wt% of ε-caprolactam) were 
placed in a Büchi reactor (2 L capacity) equipped with a stirrer, heating jacket and gas inlet 
and outlet. The reactor was flushed with nitrogen (20 bar) 3 times to remove all traces of 
oxygen. The contents were heated to 270 °C over one  hour and then stirring was started. 
The molten contents were stirred for one hour. Subsequently, the built up pressure inside the 
reactor was released slowly over 30 minutes. Under a continuous stream of nitrogen, 
polycondensation was carried out for another one hour. The polymer melt was taken out and 
precipitated in cold water. 
The synthesis of PA-silica nanocomposite was performed as described above. The reactants 
used were 6-aminocaproic acid (10 wt%) and ε-caprolactam (90 wt%) and PAOS (10 wt% of 
the total monomer amount). 
 
Pressureless reaction: 
ε-Caprolactam (400 g, 3.54 mol) and distilled water (40 g, 10 wt% of ε-caprolactam) were 
placed in a Büchi reactor (2 L capacity) equipped with a stirrer, heating jacket and gas inlet 
and outlet. The reactor was flushed with nitrogen (20 bar) 3 times to remove all traces of 
oxygen. A continuous flow of nitrogen (10 L/h) was started and the contents were heated to 
270 °C over one hour and then stirring was started (60 rpm). The molten contents were 
stirred for one hour. Under a continuous stream of nitrogen, polycondensation was carried 
out for another one hour. The polymer melt was taken out and precipitated in cold water. 
The synthesis of PA-silica nanocomposite was performed as described above. The reactants 
used were a mixture of 6-aminocaproic acid (10 wt%) and ε-caprolactam (90 wt%) and 
PAOS (10 wt% of the total monomer amount). 
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7.2.6 Methods 
Nuclear magnetic resonance: 1H (300 MHz) spectra were recorded on a Bruker DPX-300 
NMR spectrometer using deuterated chloroform as solvent and tetramethylsilane as an 
internal standard. 
Differential scanning calorimetry: DSC was conducted on a Netzsch DSC 204 unit equipped 
with a liquid nitrogen cooling accessory unit (Netzsch CC200 supply system). Indium was 
used as a calibration standard. Samples (typical weight, 5-7 mg) were enclosed in standard 
Netzsch 25 µL aluminum crucibles. The measurement was carried out at a heating and 
cooling rate of 10 K/min from -75 to 300 °C under a  continuous nitrogen purge (50 mL/min). 
Three successive runs (heating-cooling-heating) were performed for each sample. Second 
heating and cooling scans have been reported here. 
Thermo gravimetric analysis: TGA measurements were performed using a NETZSCH TG 
209c unit operating under a nitrogen atmosphere. Sample (7-10 mg) was placed in standard 
NETZSCH alumina 85µL crucibles and heated at 10 K/min form ambient temperature to 700 
°C. 
Transmission electron microscopy: TEM images were acquired using a Zeiss Libra120 
transmission electron microscope with an accelerating voltage of 120 kV. The samples were 
microtomed using a Reichert Ultracut microtome equipped with a diamond knife. The ultra 
thin sections (50-100 nm) were collected on plain copper grids (400 mesh). 
Optical microscopy:´Optical microscopy was performed using a Zeiss Axioplan 2 imaging 
microscope equipped with a camera (AxioCam MRc from Zeiss). 
Solubility tests: Solubility tests were carried out in a Schlenk-tube where the reactants and 
PAOS were mixed together in a stoichiometric ratio and heated to 270 °C. It was observed if 
the melt was clear or turbid. 
Contact angle (sessile drop) measurements: Advancing contact angle measurements were 
performed on injection moulded bars using the sessile drop method with a G40 contact angle 
measuring instrument (Krüss, Germany). The temperature was maintained at 20 ± 0.1 °C by 
means of a digital thermostat. With double distilled water as wetting liquid, ten droplets (0.5-
0.8 µL) were applied to each substrate. The error margin was estimated from variance of the 
set angles. 
Mechanical tests: The mechanical testing of the injection moulded standard specimens (ISO 
527-2 5A) was performed using a tensile testing machine (Zwick 1425) with a 2000 N load 
cell at a cross-head speed of 1 mm/min at 22 °C and  55 % relative humidity. 
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7.3 Results and Discussion 
 
The synthesis of PA-6 can be carried out either from ε-caprolactam and water or from 6-
aminohexanoic acid. In this work the second approach is thought to be advantageous, since 
the water, which is required from the conversion of PAOS to silica, will be released slowly 
during the course of the polymerization. In the first approach the mixing of PAOS and water 
would lead to a quick condensation and precipitation of solid silica. 
It can be easily evaluated that for the conversion of 100 g of PAOS into SiO2, only 12.4 g of 
water are required. It has been found that extra water is not needed as far as the ratio of 
PAOS to 6-aminohexanoic acid is lower than 1.1. The preparation of PA-6 composites with 
silica inclusions was carried out using the following different routes. 
 
7.3.1 Experiments performed in a small lab Büchi reactor 
 
As a starting point, 6-aminocaproic acid and PAOS (10 wt%) were mixed and the 
polymerization was carried out as described in the experimental section. As the temperature 
was slowly increased to 270 °C, beginning with ca. 100 °C evolution of water was observed. 
This could be attributed to the first stages of polycondensation. The electrical current 
required to keep the constant stirring rate increased as the viscosity of the melt increased 
during the polycondensation, indicating an increase in the molecular weight of the polymer 
(Figure 7.2). 
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Figure 7.2: Electrical current needed by the stirrer and a certain temperature as a function of 
reaction time. 
 
Thermal analysis of these samples is shown in Figure 7.3 and 7.4. The addition of PAOS 
increased the crystallization temperature from 162 °C for commercially available PA-6 to 
180°C for 10 wt-% addition of PAOS. The enthalpy of  crystallization increased from -56 J/g 
(for commercial PA-6) to -60 J/g. This increase can be due to the fact that silica acts as a 
nucleating agent in the polymer matrix and hence the increase in crystallinity is observed.  
For the second heating shown in Figure 7.4, the melting temperature decreased slightly from 
226°C (for commercial PA-6) to 217°C (after the add ition of PAOS). 
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Figure 7.3: DSC cooling scans performed at 10 K/min for samples: commercial PA-6, PA 
from 6-aminocaproic acid and PA from 6-aminocaproic acid+PAOS.  
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Figure 7.4: DSC second heating scans performed at 10 K/min for samples: commercial PA-6, 
PA from 6-aminocaproic acid and PA from 6-aminocaproic acid+PAOS.  
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TGA analysis (Figure 7.5) of PA+PAOS sample revealed a 2-step degradation pattern. The 
first degradation step is around 100°C and this can  be assigned to the release of water. It is 
possible that all the water released during the reaction is not taken away by the continuous 
nitrogen flow. It can also be due to the low conversion of the polycondensation reaction. 
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Figure 7.5: TGA analysis of samples prepared in the lab and their comparison to the 
commercially available PA-6. 
 
 
TEM analysis (Figure 7.6) of the prepared nylon-silica composite showed the presence of 
silica agglomerates in the micrometer scale.  
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Figure 7.6: TEM analysis of PA-silica nanocomposite prepared from 6-aminocaproic acid and 
10 wt% PAOS in the small Büchi reactor. 
 
We observed that the lab reactor could not mix the reactants and the melt properly. Due to its 
cylindrical shape, the initial reactant melt (having low viscosity) would stick to the walls of the 
reactor, resulting in ineffective stirring and mixing. It was further noticed that continuous 
nitrogen flow was not effective in removing water that was produced as a side product in the 
polycondensation reaction. 
 
7.3.2 Experiments in a 2 L reactor performed at BASF 
 
It was believed that better mixing and temperature control were required to prevent the 
particle agglomeration found in the earlier samples and to increase the product recovery. For 
this purpose big Büchi reactors with a better mixing ability and a better temperature control 
were employed to prepare the PA-6/silica nanocomposites. These reactors have a conical 
bottom due to which the initial low viscosity polymer melt does not stick to the walls of the 
reactor and the mechanical stirrer is able to mix the melt effectively. Two different conditions 
namely pressurized and pressureless reactions were performed. Different monomer 
combinations for the synthesis of the PA matrix were also carried out. In order to obtain silica 
particles as small as possible, 2 wt% of PAOS was the maximal amount used for composite 
preparation. Scheme 7.2 gives an overview of the reactions performed. 
 
 
 
 
 
  2 µm   1 µm 
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 2 L Reactor  
 
   ethoxy (unmodified) PAOS  modified PAOS 
   -pressurized reaction   -pressureless reaction  
-pressureless reaction   PAOS-CH3  
         PAOS-C16H33  
         
PAOS-(CH2)3Cl 
 
Scheme 7.2: Overview of the reactions performed in the big reactors at BASF. 
 
7.3.2.1.Pressureless reactions 
The dispersion of silica nano particles in the PA-6 matrix can be obtained in the following 
ways: (i) addition of PAOS at the beginning of the reaction, (ii) addition of PAOS at the 
beginning of the post condensation and (iii) at the end of the post condensation. 
 
(i) Reaction with 90 wt% ε-caprolactam, 10 wt% 6-aminohexanoic acid and 0-2 wt% PAOS 
was performed on a 400 g scale. PAOS was added along with the reactants from the 
beginning. The melt flow of the resulting polymer melt worsened as the concentration of 
PAOS increased. The TEM and light microscopy analysis revealed the presence of large 
agglomerates (Figure 7.7). 
 
   
 
Figure 7.7: Light microscopy image (left) of 2 wt% PAOS in PA matrix (pressureless 
reactions) taken in the dark field mode. Silica particles are white and the polymer matrix is 
dark. TEM image (right) of the same sample. 
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(ii) Reaction with 90 wt% ε-caprolactam, 10 wt% 6-aminohexanoic acid and 2 wt% PAOS 
were also carried out where the PAOS was added at the beginning of the polycondensation 
step. Foam formation was observed when PAOS was added. In this case the flowability of 
the resulting melt was better than that in the first case. 
(iii) PAOS was also added towards the end of the polycondensation reaction of 90 wt-% ε-
caprolactam and 10 wt-% 6-aminohexanoic acid. This is a good way to disperse PAOS in PA 
mixture; in this case PAOS remains in the liquid form. Polymers with reactive liquid inclusions 
may possibly have self-repairing properties. 
 
 
7.3.2.2 Pressurized reactions 
 
Polycondensation under certain pressure was also carried out. A reaction starting from 90 
wt% ε-caprolactam, 10 wt% 6-aminocaproic acid and 2 wt% PAOS was performed. Even 
though the flowability of the melt was improved in comparison to the pressureless reaction, it 
did not give rise to a homogenous polymer strand. 
 
Further reactions were carried out with ε-caprolactam containing 10 wt% of water. PAOS (2 
wt%) was added towards the end of the post condensation stage. Analyses are shown in 
Figure 7.8. 
 
  
 
Figure 7.8: Light microscopy (dark field mode, silica particles are brightly illuminated) (left) 
and TEM (right) images of PA-silica composite prepared from ε-caprolactam and 10 wt% 
water. 2 wt% PAOS was added towards the end of the post condensation stage. 
 
 
      500 µm 
     1 µm 
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Pressurized reaction from 6-aminocaproic acid and 2 wt-% PAOS, however, led to the 
formation of large silica agglomerates. 
 
There were no significant differences in the product obtained via pressurized and 
pressureless reactions. Most of the composite samples prepared in this work showed that 
large silica agglomerates in the micrometer range were distributed in the PA matrix, although 
the particle size was already much smaller than that obtained in the small Büchi reactor. 
 
In the above preparation methods (both pressurized and pressureless polymerization 
conditions), ethanol along with water evolved during the polymerization reaction except when 
PAOS was added towards the end of the polycondensation reaction. The evolution of ethanol 
is an indication that PAOS reacts with the amino end groups of the polymer melt leading to 
the covalent linkage of silica to the polymer matrix and hence to large agglomerates seen in 
the TEM images. In order to minimise this, PAOS was subjected to chemical modifications. 
 
7.3.3 Modifications of PAOS 
 
As the non-modified PAOS, i.e. ethoxy terminated PAOS could not result in the formation of 
small particles, different modifications of PAOS were employed in order to reach smaller 
particle sizes. Three groups, namely Si-CH3, Si-C16H33 and Si-(CH2)3Cl, have been used to 
replace partially the ethoxy groups (as shown in Scheme 7.3). It can be expected that 
replacing reactive groups by non-reactive ones, the condensation product should yield 
smaller particles, and the polar Si-(CH2)3Cl being better compatible with PA matrix should 
contribute to even smaller particles. 
 
 
 
 
 
 R : -CH3, -C16H33 and -(CH2)3Cl 
 
Scheme 7.3: General approach for preparing modifications of PAOS. 
 
The degree of modification of PAOS with various alkyl groups could be evaluated from NMR. 
The –CH3 modification contained 80% ethoxy and 20% Si-CH3 groups. The –C16H33 
modification contained 11.11% methoxy, 66.67% ethoxy and 22.22% Si-C16H33 groups where 
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as the –(CH2)3Cl modification contained 10% methoxy, 60% ethoxy and 30% Si-(CH2)3Cl 
groups.  
 
Polycondensations were carried out under pressureless conditions from 90 wt% ε-
caprolactam and 10 wt% 6-aminocaproic acid. The modified PAOS (2 wt%) was added at the 
beginning of the polycondensation reaction. 
 
Light microscopy analysis (Figure 7.9) revealed the presence of large silica agglomerates for 
both Si-C16H33 and Si-CH3 PAOS modifications, possibly due to the non-compatibility of 
these two groups with PA matrix. Reaction with Si-(CH2)3Cl PAOS, however, gave rise to a 
very inhomogeneous foamed strand. This reaction also required longer post condensation 
time as compared to the other reactions. It seems that under the given reaction conditions Si-
(CH2)3Cl reacted with amino-groups. 
 
   
 
Figure 7.9: Light microscopy images taken in the dark field mode of C16H33-Si-PA (left) and 
CH3-Si-PA (right) prepared from 90 wt% ε-caprolactam and 10 wt% 6-aminocaproic acid. 2 
wt% of the modified PAOS was added at the beginning of the polycondensation reaction 
(pressureless reaction conditions). Silica particles are brightly illuminated. (Scale bar: 200 
µm). 
 
 
Solubility tests were carried out to check the compatibility of non-modified and alkyl modified 
PAOS with ε-caprolactam and a mixture of 90 wt% ε-caprolactam and 10 wt% 6-
aminocaproic acid. The results are summarized in the Table 7.1 and 7.2 respectively. 
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Table 1: Solubility of unmodified and modified PAOS in ε –caprolactam 
ε -caprolactam Temperature 
(°C) pure Ethoxy PAOS PAOS-Si-C16 PAOS-Si-CH3 
100 Clear Turbid Turbid Turbid 
170 Clear Clear Turbid Turbid 
200 Clear Clear Clear Turbid 
240 Clear Clear Clear Turbid 
 
Table 2: Solubility of unmodified and modified PAOS in 90 wt-% ε-caprolactam and 10 wt-% 
6-aminocaproic acid 
90 wt% ε-caprolactam and 10 wt% 6-aminocaproic acid Temperature 
(°C) pure Ethoxy PAOS PAOS-Si-C16 PAOS-Si-CH3 
100 Turbid Turbid Turbid Turbid 
170 Clear Turbid Turbid Turbid 
200 Clear Clear Turbid Turbid 
240 Clear Clear Turbid Turbid 
 
The PAOS modified by alkyl groups showed low solubility in the 90 wt% ε-caprolactam and 
10 wt% aminocaproic acid mixture. The solubility is expected to be even lower in the polymer 
melt. In future non-reactive PA compatible groups will be used for the modification. 
 
7.3.4 Contact Angle measurements 
 
To study the differences in the surface hydrophilicity of the polymer composites with different 
fillers contact angle measurements were performed. The samples evaluated are summarized 
in Table 7.3. 
 
Table 7.3: Description of samples prepared 
Sample Composition (for PA matrix) PAOS 
1216/157 90 wt-% ε-caprolactam + 10 wt-% amino caproic acid (ACA)  
1216/144 90 wt-% ε-caprolactam + 10 wt-% ACA 2 wt-% ethoxy 
1216/158 90 wt-% ε-caprolactam + 10 wt-% ACA 2 wt-% Si-C16H33 
1216/159 90 wt-% ε-caprolactam + 10 wt-% ACA 2 wt-% Si-CH3 
1216/160 90 wt-% ε-caprolactam + 10 wt-% ACA 2 wt-% Si-(CH2)3Cl 
1216/162 100 wt-% ε-caprolactam + 2 wt-% water 2 wt-% Si-C16H33 
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The contact angle (Figure 7.10) does not change significantly with the different modifications 
of PAOS. Modified PAOS show slightly higher hydrophilicity as compared to the unmodified 
PAOS and pure nylon. The highest hydrophilicity was observed for the Si-(CH2)3-Cl modified 
PAOS. 
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Figure 7.10: Contact angle measurements for different samples 
 
 
7.3.5 Mechanical Properties 
 
Mechanical properties were evaluated on bone shaped injection moulded samples (Figure 
7.11).  
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Figure 7.11: Representative stress-strain curves for various samples 
 
The calculated young’s modulus, stress at break and elongation at break are summarized in 
Table 7.4. 
 
Table 7.4: Mechanical properties of PA and PA-Si nanocomposites prepared from various 
PAOS modifications  
Sample  Avg. Young’s Modulus 
(MPa) 
Stress at break 
(MPa) 
Elongation at break  
(%) 
1216/157 (pure) 2.07 ± 0.09 80.77 476.28 
1216/144 3.27 ± 0.76 59.08 308.28 
1216/158 8.95 ± 0.17 48.87 22.4 
1216/159 7.28 ± 0.15 44.87 145.04 
1216/160 9.62 ± 0.48 54.18 71.12 
1216/162 8.16 ± 0.33 53.06 202.68 
 
An increase in the Young’s Modulus is observed as the silica particles are added to PA. The 
stress at break, however, decreased slightly. This is simply an inorganic filler effect. 
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7.3.6 Thermal Analysis 
 
TGA analyses of the samples (Figure 7.12) show single step degradation. The absence of an 
early degradation step around 100°C (as compared to  the lab synthesized sample) indicated 
that high molecular weight polymer was obtained in the 2 L reactors. 
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Figure 7.12: TGA curves curves for PA and PA-Si nanocomposites prepared from various 
PAOS modifications 
 
There is no change in the melting temperature of the various PA-silica composites. The 
melting enthalpy increased as the silica content increased, at the same time, the 
crystallization temperature increased slightly as well. The change in crystallinity as well as 
the crystallization temperature can be attributed to the nucleating effect of the silica particles. 
The cooling and second heating curves are given in Figure 7.13 and 7.14 respectively. 
Enthalpies and melting and crystallization temperatures are summarized in Table 7.5. 
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Figure 7.13: DSC cooling scans (cooling rate of 10 K/min) for PA and PA-Si nanocomposites 
prepared from various PAOS modifications. 
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Figure 7.,14: DSC second heating scans (heating rate of 10 K/min) for PA and PA-Si 
nanocomposites prepared from various PAOS modifications. 
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Table 7.5: Thermal properties of PA and PA-Si nanocomposites prepared from various 
PAOS modifications 
Sample Tm (°C) ∆Hm (J/g) Tc (°C) ∆ Hc (J/g) 
1216/157 (pure) 221.1 57.37 174.6 -57.40 
1216/144 218.0 54.95 175.6 -50.86 
1216/158 221.3 62.25 176.6 -55.94 
1216/159 221.0 59.5 175.9 -56.23 
1216/160 221.2 64.75 175.6 -63.31 
1216/162 219.0 63.87 177.7 -58.02 
 
 
7.4 Conclusions and Outlook 
 
PA-6/silica composites were prepared via a combination of in situ polymerization and sol gel 
technique using different modifications of hyperbranched polyalkoxysiloxane (PAOS) as 
silica precursors. Various polymerization procedures, namely pressureless and pressurized 
reaction conditions, were employed for the synthesis. Light microscopy and TEM analyses 
revealed the presence of large agglomerates in the micrometer range due to the poor 
compatibility of the PAOS derivatives with the monomer and polymer of PA-6. In future non-
reactive more compatible with PA groups will be used for the PAOS modification. 
 
 
7.5 References 
 
(1) Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Kurauchi, T.; Kamigaito, O. J. Polym. 
Sci., Part A: Polym. Chem. 1993, 31, 983. 
(2) Nylon Plastics Handbook; Kohan, M. I., Ed.; Hanser Publishers: Munich, 1995. 
(3) Helbert, W.; Cavaillé, J. Y.; Dufresne, A. Polym. Compos. 1996, 17, 604. 
(4) Merkel, T. C.; Freeman, B. D.; Spontak, R. J.; He, Z.; Pinnau, I.; Meakin, P.; Hill, A. J. 
Science 2002, 296, 519. 
(5) Choi, J.; Harcup, J.; Yee, A. F.; Zhu, Q.; Laine, R. M. J. Am. Chem. Soc. 2001, 123, 
11420. 
(6) Rothon, R. Particulate-filled polymer composites; Longman: Essex, 1995. 
Chapter 7 
 
 - 209 - 
(7) Mackay, M. E.; Dao, T. T.; Tuteja, A.; Ho, D. L.; Van Horn, B.; Kim, H.-C.; Hawker, C. 
J. Nat. Mater. 2003, 2, 762. 
(8) Yang, F.; Ou, Y.; Yu, Z. J. Appl. Polym. Sci. 1998, 69, 355. 
(9) Zyl, W. E. v.; García, M.; Schrauwen, B. A. G.; Kooi, B. J.; Hosson, J. T. M. D.; 
Verweij, H. Macromol. Mater. Eng. 2002, 287, 106. 
(10) Wilkes, G. L.; H. Huang, H.; Glaser, R. H. Adv. Chem. Ser. 1990, 224, 207. 
(11) Brinker, C. J.; Scherer, G. W. Sol-Gel Science: Physics and chemistry of sol-gel 
processing; Academic press: San Diego, 1990. 
(12) Ou, Y.; Yang, F.; Yu, Z.-Z. J. Polym. Sci., Part B: Polym. Phys. 1998, 36, 789. 
(13) Reynaud, E.; Jouen, T.; Gauthier, C.; Vigier, G.; Varlet, J. Polymer 2001, 42, 8759. 
(14) Bergman, J. S.; Coates, G. W.; Chen, H.; Giannelis, E. P.; Thomas, M. G. Chem. 
Comm. 1999, 21, 2179  
(15) Weimer, M. W.; Chen, H.; Giannelis, E. P.; Sogah, D. Y. J. Am. Chem. Soc. 1999, 
121, 1615. 
(16) Shah, R. K.; Paul, D. R. Polymer 2004, 45, 2991. 
(17) Lew, C. Y.; Murphy, W. R.; McNally, T.; McNally, G. M. Annual Technical Conference 
- Society of plastics engineers 2002, 2, 1530. 
(18) Fujiwara, S.; Sakamato, T. Japanese patent No. 109998, 1976 
(19) Sumita, M.; Shizuma, T.; Miyasaka, K.; Ishikawa, K. J. Macromol. Sci., Part B 1983, 
22, 601  
(20) Giraldo, L. F.; Echeverri, M.; López, B. L. Macromol. Symp. 2007, 258, 119. 
(21) Zhao, C.; Zhang, P.; Lu, S.; He, J.; Wang, X. J. Mater. Sci. 2007, 42, 9083. 
(22) Sengupta, R.; Bandyopadhyay, A.; Sabharwal, S.; Chaki, T. K.; Bhowmick, A. K. 
Polymer 2005, 46, 3343. 
(23) Sarwar, M. I.; Zulfiqar, S.; Ahmad, Z. Polym. Int. 2008, 57, 292. 
(24) García, M.; Vliet, G. v.; Cate, M. G. J. t.; Chávez, F.; Norder, B.; Kooi, B.; Zyl, W. E. 
v.; Verweij, H.; Blank, D. H. A. Polym. Adv. Tech. 2004, 15, 164. 
Dispersion of silica nanoparticles in polyamide 
 
 - 210 - 
(25) Lu, H.; Xu, X.; Li, X.; Zhang, Z. Bull. Mater. Sci. 2006, 29, 485. 
(26) Zhu, X.; Jaumann, M.; Peter, K.; Moller, M.; Melian, C.; Adams-Buda, A.; Demco, D. 
E.; Blumich, B. Macromolecules 2006, 39, 1701. 
(27) Jaumann, M.; Rebrov, E. A.; Kazakova, V. V.; Muzafarov, A. M.; Goedel, W. A.; 
Möller, M. Macromol. Chem. Phys. 2003, 204, 1014. 
 
 
 
Chapter 7 
 
 - 211 - 
Acknowledgements 
I would like to take this opportunity to thank all the people who have contributed in someway 
or the other towards this doctoral work.  
 
My sincere gratitude towards Prof. Martin Möller for allowing me to work on this theme and 
for the scientific discussions that helped shaped this work. Towards bringing this dissertation 
to its final form, my heart-felt gratitude and indebtedness towards Dr. Helmut Keul and Prof. 
Doris Klee, without whose guidance and support this work wouldn’t have been possible. I am 
extremely grateful to Dr. Keul for the fantastic supervision, for always being there and taking 
out time to point out the right way at every stage of my work, for his critical viewpoint and 
umpteen suggestions in shaping this work.  
 
My thanks to Dr Alina Adams and Pratiksha Lohakare for the many scientific discussions 
towards understanding the morphology of our polymeric system and for performing the solid-
state NMR measurements and analyses. I would like to acknowledge the help of Dr. Petra 
Mela for carrying out the AFM experiments and for the many discussions we had about life in 
general. 
 
My thanks to all the people involved in the BASF project for all the discussions and meetings: 
Dr. Helmut Keul, Dr. Xiaomin Zhu, Dr. Sachin Jain, Dr. Axel Wilms, Dr. Görtz and Mr. Andre 
Brauer and to the analytical department of BASF for the TEM and optical microscopy 
analyses.  
 
Dr. Sebastian Prinz and Prof. Georg Roth (Institut für Kristallographie, RWTH Aachen) are 
thanked for the WAXD measurements. Dr. Kim-Hô Phan and Mr. Stephan Rütten are 
acknowledged for their help with the SEM measurements. For the numerous GPC 
measurments, I would like to thank Dr. Sandra Reemers, Dr. Irene Colicchio and Michael 
Erberich. For all the FT-IR measurements, the help of Dr. Walter Tillmann is duly 
acknowledged. I would also like to thank Daniel Istrate for all the help concerning DSC and 
TGA machines and softwares. For the contact angle measurements, the help of Petra 
Ampen is appreciated.    
 
A bunch of thanks goes especially to Rainer Haas for all the technical trouble shooting. 
Without his help, setting up a lab and the reactor and getting the apparatuses to work would 
have been quite a task. 
 
To all the fellow colleagues from the ‘big lab’, ‘big office’, the DWI and Tex-MC for the 
collegial environment, parties and general fun! 
 
A special mention goes to Dr. N. D. Kurur (from IIT Delhi) for the many discussions on NMR, 
his encouragement and for always taking out time from his busy schedule for me. Thank you 
so much for everything. 
 
This work would not have been possible had it not been for the constant encouragement, 
support and love from my family and friends. To all my IIT classmates and friends: Vandana, 
Jency, Lekha, Snigdha and Hyder for sharing all the experiences and knowing how it is to be 
on the same boat! To my wonderful, lovely family: Ma, papa, Preeta, Sudeb, Anushka, 
Khushi, Ibha, Anish, Karan and Avantika for their never ending support, faith and words of 
encouragement that helped me move on. And to Jean for his love and for being there for me 
always!  
 
Thank you all! 
 
Dispersion of silica nanoparticles in polyamide 
 
 - 212 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7 
 
 - 213 - 
Curriculum Vitae  Priya Garg 
First name Priya Garg 
Date of Birth 09.05.1981 
Place of Birth New Delhi, India 
 
 
EDUCATION  
Aug. 2002 – Aug. 2004 M.Sc. in Chemistry, Indian Institute of Technology (IIT), 
Delhi, India under the supervision of Dr. Naraynan D. 
Kurur 
Thesis title: Studies on Single Scan Techniques for 
Relaxation Measurements in NMR 
 
Nov. 2004 – Sep. 2009 Ph.D. student at the Institute of Macromolecular and 
Technical Chemistry (ITMC) and DWI at the RWTH 
Aachen under the supervision of Prof. Dr. Martin Möller 
Thesis title: Structure-property relationship of aliphatic 
segmented poly(ester amide)s 
 
WORK EXPERIENCE  
Jun. 2003 – Aug. 2003 Summer internship at National Institute of Immunology 
(NII), Delhi, India 
 
Jun. 2004 – Aug. 2004 Summer internship at the DWI, Aachen, Germany 
 
 
Oct. 2009 – Dec. 2009 Post doc position at C.E.R.M., Université de Liège in 
the group of Prof. Christine Jérôme 
 
 
Jan. 2010 – present Materials development engineer at SABIC, Geleen, 
The Netherlands 
 
 
Aachen 13.03.10 
 
Priya Garg  
 
